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(2) Two-Component Systems 


(a) Both components simple oxides (6) One simple oxide and a binary compound of 
two oxides 
Fig. Fig. 
24 CaO-MgO 50 CaF,-3NaF-AlF; 
25 NaF-AIF; 51 Al,O;-3NaF-AlF; 
26 CaF,-Al,O; 52 Al,O;-3NaF-AlF; 
27 CaO-Al,O, 53 Na,O-S10,-ZrO; 
(c) One simple oxide and a ternary compound 
55 
32 CaO-Fe,0; 56 
33 K,SiO;-SiO, (dq) Both components binary compounds 
34 Li,O-SiO, 57 
35 Na:O-SiO, 58 2CaO-Si0,-2FeO-Si0, 
36 BaO-SiO, 59 BaO-SiO,-CaO-SiO, 
37 CaO-SiO; 60 CaO-Si0,;-SrO-SiO, 
38 FeO-Si0; 61 CaO-Si0,-CaO-TiO, 
39 MgO-SiO, 62 MnO-SiO,-MnO-TiO, 
40 MnO-SiO, 
41 PbO-SiO, e) wo ternary compounds 
42 SrO-SiO, 63 Al,O;2Si0, 
43 ZnO-SiO, 64 
44 CaO-ZrO, 65 Na,O-Al,O; 2Si0,-CaO-MgO-2Si0, 
45 Al,O;-SiO, (pseudo-binary) 
46 Al,O;-TiO, 66 Na,O-Al,0;6Si0,-CaO-MgO-2Si0, 
47 ZrO.-SiO, 67 2SiO, 
48 SiO.-TiO, 68 Al,O;-2SiO, 
49 ZrO.-ThO, 69 CaO-MgO-2Si0,—-CaO- Al,O; 2Si0, 
70 2CaO-MgO-2Si0,-2Ca0- Al.O;SiO, 
(3) Three-Component Systems 
(a) All components simple oxides 
Fig. Fig. 
71 NaF-CaF-,-AlF; 85 CaO—-MgO-Al.0; 
72 86 MgO-FeO-Fe,0; 
73 87 MgO-FeO-Fe,0; 
74 NaxO-CaO-AlOs 88 CaO-MgO-Si0, 
75 K,0-CaO-SiO, 89 CaO—-MgO-SiO, 
76 K,0-CaO-SiO, 90 CaO—Al,O;-Fe,0; 
77 Na,O—CaO-SiO, 91 CaO—Al,O;-Fe,0; 
78 Na,O—-CaO-SiO, 92 CaO-—Al,O;-SiO, 
79 Na,O—Fe,0;-SiO, 93 CaO—Fe,0;-SiO, 
80 Na,O—Fe,0;-SiO, 94 MgO-Al.O;-SiO, 
81 Na,O—Fe,0;-SiO, 95 ZnO-Al,0;-SiO, 
82 Na,O—Fe,0;-SiO, 96 Fe,O;-Fe;0,-O, 
83 Na,O—Fe,0;-SiO, 97 Fe,0;-Fe;0,-0, 
84 Na,O-ZrO,-SiO, 
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(3) Three-Component Systems 


(6) At least one component a binary or higher 


compound 


98 CaF,-Al,O;-3NaF-AlF; 
100 
Ca0O-Al,O;2Si0, 
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(continued) 


90%[3CaO- 
10%[3Naz,0- Al,Ox3Si0; 
MgO: 2Si0,-2CaO- Al,Oy SiO; 
102 2CaO-MgO-2Si0,;-2CaO- Al,O; SiO;- 
3CaO-Al,0;3Si0, 


—2Ca0-- 


101 


(4) Sections of Three-Component Systems 


The system K:O-CaO-SiO: 
Fig. 
103 K,0-Si0,-CaO-SiO, 
104 K,0-2Si0,-30%Ca0-70%Si0, 
105 K,0-4Si0,-CaO-SiO; 
106 K,0-2Si0,-K,0-CaO-SiO, 
(6) The system NazO-CaO-SiO: 
107 Na,O-SiO,-CaO-SiO; 
108 
(c) The system NazO-Fe:Or-SiO: 
109 Na,O-SiO.—Fe,0; 
110 
111 SiO, 
112 
113 Na,O- 
114 5Na,0- 
115 NazO-2Si0, 


(d) The system CaO—-MgO-SiO: 
Fig. 
116 CaO-MgO-2Si0,-SiO, 
117 
118 CaO-MgO.2Si0,-2Mg0-SiO, 
119 2CaO-MgO-2Si0,-CaO-SiO, 
120 2CaO-MgO-2Si0,-2Ca0-SiO, 
121 
122 CaO-MgO-2Si0,-2Mg0-SiO,-SiO, 
(e) The system 


123 4CaO-Al,Oy Fe,0;-CaO 

124 CaO-Al,O;-CaO-Fe,0; 

125 4CaO- Al,Os Fe,O;-2CaO- Fe,0; 

126 4CaO-Al,Os Fe,0;-5CaO-3Al,0; 
(f) The system 

127 CaO-Al,Oy 2Si0,—Al.O; 

128 CaO-Al,Oy 2Si0,-SiO, 

129 CaO-Al,O;-CaO-SiO, 

130 5CaO-3Al0;-2CaO- SiO, 

131 2CaO-Al,O; SiO,-3CaO-5Al,0; 

132 2CaO-Al,O; SiO,-2CaO-SiO, 

133 CaO-Al,Oy 2Si0,-CaO-SiO, 

134 CaO-Al,O,y 2Si0,-2CaO- Al,O;SiO, 


(5) Diagrams Showing Relation of Optical Properties to Chemical Composition 


135 Effect of TiO, and Fe,O; on refractive 
index of mullite. Variation in 
optical properties of solid solutions 

136 Al,O;s 2Si0, 

137 Na,O- Al,O,-4SiO.—Na,0- Fe,O;4Si0,— 
CaO-Fe,O; 2Si0,-CaO-MgO-2Si0, 

138 Na,SiOs;- Fe,0;-SiO, 

139 


10% [3Na,0- Al.O;3Si0, paced - 


Al,O; SiO; 


140 BaO-2Si0,-2Ba0-3Si0, 

141 CaO-SiO,-SrO-SiO, 

142 2CaO-SiO,-2FeO0-SiO, 

143 MgO-SiO,-FeO-SiO, 

144 

145 CaO-FeO-2Si0,-CaO-MgO-2Si0, 

146 

147 

148 

149-156 Garnet groups 
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(6) 


157 

158 Al,O;2Si0,-MgO 

159 

160 Al,O;-2SiO,-potash feldspar 
161 Microcline—steatite 

162 Microcline—albite 


167 Feldspar—fiint—kaolin 


(7) Melting Diagrams 


168 MgO-NiO, CoO, AlsOs, FesOu, 
Mn,O,, SiO:, TiO:, and ZrO, 

169 MgO-Cu,0, CaO, BaO, SrO, BeO, 
and CeO, 

170 Al,O;-CaO, BaO, SrO, MgO, NiO, 
CoO, TiO:, and SiO, 

Al,O;-BeO, Cu,0, ZrO:, ThO:, CeOs, 
LazOs, FesO., GazOs, and 


172 ZrO,-CaO, SrO, and BaO 

173 ZrO,-BeO and MgO 

174 ZrO,-ZnO, NiO, CoO, AlOs, Cris, 
Fe;Os, and (CeO, Ce:0,) 

175 ZrO,-BeO-CaO 

176 ZrO;-BeO-CeO, 

177 ZrOx-ThO,-CaO 

178 ZrO,-ThO,-MgO 
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Hi Cone Deformation Diagrams 

163 Orthoclase-CaO 

164 Orthoclase-MgO 
165 Albite-CaO 

166 Albite-MgO 


A COMPILATION OF PHASE-RULE DIAGRAMS OF INTEREST 
TO THE CERAMIST AND SILICATE TECHNOLOGIST* 


By F. P. Hatt AND HERBERT INSLEY 


ABSTRACT 
This paper is a compilation of phase-rule diagrams, principally of silicates and the 
refractory oxides, that may be useful to the ceramist and the silicate technologist. 
The text of the paper includes definitions of terms used in discussion of the Phase Rule, a 
description of methods used in the study of systems at high temperatures, and an 
interpretation of Phase-Rule diagrams for systems with one or more components. 


I. Introduction 


It is the purpose of this paper to present a compilation of equilibrium 
diagrams and data related to systems with nonmetallic components which 
react at high temperatures. Such systems. are of interest to workers 
in the fields of ceramics, cements, and related materials and it is hoped 
that a compilation such as this will give a better understanding of the 
melting and crystallization processes encountered in manufacture. 

Work of this nature has been guided by the application of the Phase 
Rule of Willard Gibbs' which was later greatly elucidated by Roozeboom* 
in his monograph on heterogeneous equilibrium. 

Great strides have been made during the last twenty years in the in- 
vestigation of the phase relationships in ceramic systems. During this 
time the principal contributions to the study of heterogeneous equilibria 
in such systems have been made by members of the staff of the Geophysical 
Laboratory of the Carnegie Institution of Washington. 


II. General Discussion of Phase-Rule Diagrams 
(A) Definitions 

To be able correctly to interpret phase-equilibrium diagrams and the 
following discussions it is necessary to have a thorough understanding of 
the Phase Rule and the terms used. The Phase Rule may be expressed by 
the equation 

F+P=C+2 

Where C = number of components of system. 


P = number of phases present at equilibrium. 
F = variance of system. 


* Publication approved by the Director of the Bureau of Standards of the U. 8. 
Department of Commerce. Received January 7, 1931. Final approved copy received 
August 2, 1933. 

1 (a) Trans. Conn. Acad. Sci., 3, 228 (1876); (6) The Collected Works of J. Willard 
Gibbs, Vol. I (1928). 

* Die heterogenen Gleichgewichte, 1901-1918 (6 vol.). 
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The terms used are defined’ as follows: 
(1) System Any portion of the material universe which we choose to 
separate in thought from the rest of the universe for the 
purpose of considering and discussing the various changes which may 
occur within it under various conditions is called a system. 
(2) Pi The physically homogeneous but mechanically separable 
portions of the system are called its phases. 
The number of components of a system at equilibrium 
(3) Components is defined as the smallest number of independently 
variable constituents by means of which the composition of each phase 
may be quantitatively expressed. 
(4) Variance of a In the application of the Phase Rule to the type of 
System (Degree systems under consideration, the independently 
variable conditions which are usually taken into 
of Freedom) - 
consideration are temperature, pressure, and con- 
centration. The number of these variables, which must be arbitrarily 
fixed to define the system completely, is called the variance or degree of 
freedom of that system. 
a An equilibrium exists in any system under a fixed set 
(5) Sqeiactom of conditions when the parts of the system do not 
undergo any change of properties with the passage of time and provided 
the parts of the system have the same properties when the same condi- 
tions are again arrived at by a different procedure. 
: . The temperature of transition of solid to liquid state 
(6) Melting Point at atmospheric pressure in which the liquid phase is 
of the same composition as the solid phase is known as the congruent 
melting point of the solid phase. This is in contradistinction to the tran- 
sition of one solid phase into a second solid phase with the liberation 
of liquid of a different composition; the latter is called an incongruent 
melting point. 


(7) Solid Solution 


classed as solutions. 


In certain cases two solids may form physical mix- 
tures that are homogeneous and therefore must be 


Polymorphism is the property that a substance may 
possess of existing in more than one crystal form. 
Polymorphic solids are solid phases of the same ultimate composition dif- 
fering in crystalline form and physical properties but eens identical 
liquid or gaseous phases upon fusion or evaporation. 

When the pressure is the atmospheric pressure, 
the temperature at which two solid phases can 


3 The definitions are those found in standard textbooks on physical chemistry such 
as (a) Principles of Physical Chemistry by E. W. Washburn, (5) A Treatise on Physical 
Chemistry by H. S. Taylor and collaborators, and (c) The Phase Rule by Alexander 
Findlay. 


(8) Polymorphism 


(9) Transition Point 
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coexist and at which the relative stability of the two forms undergoes 
change is known as the transition point. 
Polymorphic forms which possess a transi- 
tion point at which they are in equilibrium 
are known as enantiotropic forms. 
In certain instances of polymorphism the 
vapor-pressure curves of the two forms do not 
meet below the melting point. They therefore lack a stable transition 
point, and one form is metastable with respect to the other at all tem- 
peratures below the melting point. Such forms are called monotropic. 
Other terms will be defined as encountered in the discussions. 


(10) Enantiotropic Forms 


(11) Monotropic Forms 


(B) Methods Used for Study of High-Temperature Heterogeneous 
Equilibrium 
The diagrams presented refer only to systems which are in equilibrium 
for the temperatures (and pressures) specified. They give no information 
as to the velocity of reactions but they do define the relative amounts of 
crystalline and liquid phases present at any temperature and composition 
provided the time has been sufficient for equilibrium to be attained. Most 
ceramic and related processes are incomplete chemical reactions and the 
results obtained are dependent upon the time element as well as upon the 
temperature. In applying equilibrium diagrams to manufacturing proc- 
esses due consideration must be given this difference between the ideal 
and the practical conditions. Moreover, equilibrium diagrams portray 
reactions between pure components, while frequently in the heat treat- 
ments of ceramic materials small amounts of impurities are present which 
may profoundly affect the equilibrium relations of the major components 
Thus in the heat treatment of kaolin at high temperatures the result of 
the reactions taking place may be predicted from a study of the Al,O;- 
SiO, equilibrium diagram, providing sufficient heating time has been 
allowed and providing the kaolin is absolutely pure. If, however, small 
amounts of alkalis, lime, or other impurities are present, the system is no 
longer a simple binary one, the eutectic and liquidus temperatures may be 
lowered very considerably, and the ratios of AlO; to SiO. may be altered 
at eutectics and transition points. 
, This method has been used extensively in the 
(1) Costing Curyes study of metals but, because of the high viscosity 
and resultant undercooling in silicate systems, its use in their study has 
not usually been successful. It is evident that if a system is allowed to 
cool with a constant outside temperature environment the time-tempera- 
ture curve obtained for the system will depend upon the heat radiation of 
the system and the energy changes occurring within the system as a result 
of alteration in the chemical equilibrium with the temperature. If the 
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time-temperature cooling curve is plotted, it will reveal certain ‘‘arrests”’ 
indicating temperatures pertinent to the study of the system and will en- 
able the construction of a temperature-composition diagram which, when 
properly interpreted, will show the phase relations in the system at various 
temperatures and compositions. 
(2) Heating Curves In metals and easily crystallizable salts the 
Combined with time-temperature heating curve shows a sharp 
Optical E ications break both at the beginning and end of melting 
and usually a flat portion between. In the 
case of silicate minerals the heating curve is rarely sharply broken and 
often is oblique. The use of the heating curves is made difficult by the 
same sluggishness that is present in the cooling curve experiments. The 
heating curves, however, are more reliable and have been much more 
widely used than the cooling curves. 
Morey‘ makes the following statement: 


It is well recognized both in theory and practice that the melting point of a substance 
of the latter class (silicates) is more accurately determinable by the quenching method. 
Taking the melting point determination by this method as the standard, it is shown that 
the true melting point lies on the more rapidly rising end portion of the heating curve. 
As usually interpreted, therefore, the heating curve method tends to give a melting point 
which is too low. : 


: Before the actual quenching is done it is 
@) Quenching Method" necessary to be certain that the charge is 
uniform in composition throughout. This may be accomplished by 
sintering and grinding the charge several times. Complete melting, re- 
peated with intermediate grinding if necessary, is even more effective 
in making the charge homogeneous. 

In the quenching operation.a charge of the composition to be investi- 
gated is wrapped in platinum foil, for example, and suspended in a furnace 
frequently of the platinum resistance type. The charge is brought to the 
desired temperature, 7, and held for a suitable length of time. By fusion 
of the wire holding the foil or by some other method which instantaneously 
releases the charge it is dropped from the furnace into a vessel containing 
mercury or some other liquid which does not react with the sample. 
In this manner the charge is ‘frozen’ and a microscopic examination of 
the charge after it is quenched reveals the phases present at the tempera- 
ture, T. 

If it is found ‘hat the charge contains more than one crystalline phase, 
a charge of the same composition is heated to a higher temperature, 7, 


* George W. Morey, “A Comparison of the Heating Curve and Quenching Method of 
Melting Point Determinations,” Jour. Wash. Acad. Sci., 13 [14], 326-29 (1923). 

5 E. S. Shepherd, G. A. Rankin, and F. E. Wright, “Binary Systems of Alumina 
with Silica, Lime, and Magnesia,” Amer. Jour. Sci., 4th Ser., 28, 293 (1909). 
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quenched, and examined. If this quenched charge contains only one 
crystalline phase, which in this case is called the primary phase for that 
part of the system, the process is repeated until a temperature is found at 
which the primary phase disappears and leaves only liquid (glass at room 
temperature). This temperature and composition locates a point on the 
melting curve of the system investigated. 

The quenching method is the most accurate method of investigating the 
silicate systems and was the method used to determine most of the equi- 
librium diagrams assembled in this paper. 

, This method has been used to approximate the 
bane Determation melting behavior in certain systems. The 
sources of error in the cone deformation method 
are as follows: (1) Cones of the same bulk chemical composition do not 
always deform at the same temperature 
because they may be compounded of i) 
different mineral species which are not 
ground and mixed until chemically 
homogeneous. (2) Cones of somewhat 
different chemical composition may begin 
to deform at the same temperature be- 
cause of the presence of a eutectic com- i 
mon to both. 

Day and Shepherd* state as follows: 


Crystalline Modificanon A 


This method is peculiarly unsuited for such Vapor 
investigations (of silicates) for several reasons: 
Suppose the mixture to contain a eutectic with 


a greater or less excess of one of the components. Temperature 
The cone would begin to weaken as soon as the fpyg 1 —Phase relations in a one- 
eutectic began to melt and its further progress component system. 


would be governed entirely by the relative 

quantity of eutectic present and its viscosity after melting. No information whatever 
regarding inversions in the solid or of the component in excess could be obtained, and 
errors of more than 500°C would certainly occur in the interpretation of the softening 
in parts of the lime-silica curve. 


(C) One-Component Systems 

When a system consisting of a single component is considered, it follows 
from the Phase Rule that it is bivariant if one phase is present, univariant 
if two phases are present, and invariant if three phases are present. The 
independent variables are limited to the pressure and the temperature. 
The phase relations in a one-component system are usually illustrated 
by means of a pressure-temperature diagram since pressure and tempera- 
ture are the independent variables. Such a system is shown in Fig. 1. 


* A. L. Day and E. S. Shepherd, “‘The Lime-Silica Series cf Minerals,” Amer. Jour. 
Sci., 4th Ser., 22, 265-302 (1906). 
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FA (univariant) is the sublimation curve for modification A. 

AB (univariant) is the sublimation curve for modification B. 

BC (univariant) is the vapor pressure curve for the liquid. 

Curve AD (univariant) is the transition curve for modifications A and B and repre- 
sents the change of the transition point with pressure. 

Curve BE (univariant) is the melting curve for modification B and represents the 
change of the melting point with pressure. 

Point A (invariant) is the transition point for the two crystalline modifications. (It 
is called a triple point since it is the point at which the two solids and vapor are in equi- 
librium.) 

Point B is the triple point for the equilibrium, crystalline modification B-liquid- 
vapor. 

The system is bivariant in all parts not on these lines or their intersections. 


In dealing with refractory substances it is at present impossible to mea- 
sure directly the vapor pressures of the solid and liquid phases. _It is possi- 
ble, however, to construct diagrams for refractory substances showing quali- 
tatively the vapor pressures 
for the different phases if 
the temperature-stability re- 
lations are known, since at 
any one temperature the 
unstable phase always has 
a higher vapor pressure than 
the stable phase. This has 
been done by Fenner for 
the silica system as shown 
in Fig. 22 (see p. 486). 


(D) Two-Component 
a Systems 

Tog A Composition st Two-component systems 


have three independent 
variables, temperature, 
pressure, and composition. 
In systems of importance in ceramics where the pressure is maintained at 
one atmosphere, the diagrams may be reduced to two dimensions, the two 
variables being composition and temperature. 

Figure 2 represents a typical two-com- 
ponent system of components 5S; and S2 
where no compounds or solid solutions 
are formed. Two methods of study of such systems are possible. 

: : This is a study of changes produced where the 
(a) Beagiothal Studies total composition of the system is held constant 
and the temperature is varied. An isopleth (line of constant composi- 
tion) at composition C, will show sharp melting at temperature 7) as this 


Fic. 2.—A two-component system without inter- 
mediate compounds or solid solutions. 


(1) Two-Component Systems 
without Solid Solutions 
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is an invariant point. An isopleth at 5S, will show sharp melting at F 
for the same reason. Melts represented by isopleths at intermediate com- 
positions between S, and C; do not show sharp melting but exhibit soften- 
ing behavior which starts at 7, and is completed at the intersection of the 
isopleth and the curve FC;. Considering isopleth AC the melting begins 
at 7, and the composition of the liquid phase varies along the line C,C. 
The relative amounts of liquid and solid, S,, at any one temperature, 7>, 
are found by the use of the so-called “lever reaction."’ The relative 
amounts of solid S,; and of solution of composition C, are represented 
by the lengths C,B, and respectively. 

The relative amounts of liquid and solid S, present at various tempera- 
tures from 7, to 7, plus dT for the isopleth A are shown in Fig. 3. This 
figure serves fairly well to illustrate the use of the “lever reaction.’’ The 
compositions 5), S:, and the composition corresponding to C, are special 
cases to which curves of the A 
type of Fig. 3 do not apply &{ 
since melting of these compo- ‘ 
sitions takes place at definite 
temperatures and not over I 
temperature intervals 


A melt of composition A 4 
(Fig. 2) at a temperature 7; 1 
consists entirely of a liquid 
phase and as it is cooled and e 
the temperature 7; is reached 
the solid S, begins to separate 
out and continues to separate 


B 11, 
Per cent of total melt which is in liquid state 
0 0 DA W O 
Per cent of total melt which is in solid state 


Fic. 3.—Variation in amounts of liquid and 


as the temperature is lowered 
to 7;. Over the interval 7; 
to 7; the amount of solid 5S; 
increases as is shown in Fig. 3 
and the composition of the 


solid phase, S,, upon heating composition A of 
Fig. 2 from the temperature 7, to 7, + dT along 
the isopleth AC; dT and dx are infinitesimal 
increments in temperature and amount of solid 
phase, S, respectively. 


liquid changes along the line of CC,, Fig. 2. When C, is reached the tem- 
perature remains constant until the solid phases (S, and S,) separate out 
together and until all of the liquid phase has disappeared. After complete 
crystallization of the two solid phases the temperature begins to drop until 
room temperature is reached, since no inversions in the solid phases are 
indicated by Fig. 2. 

The above statements regarding the crystallization of melts are true only 
if the rate of cooling is sufficiently slow to allow equilibrium to be attained 
at every instant. A rapid rate of cooling will lead to quite different re- 
sults. 

If the two solids, S,; and S, (Fig. 2) are selected in such proportion as 
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represented by point A and are heated, no reaction will take place until the 
temperature 7, is reached. At this temperature a liquid of composition 


SPSS, | Sp SS Se 
S SS. Se S SiSz Se 


Fic. 4.—Two-component systems with compounds pres- 
ent: 4A, the compound 5,5, decomposes at a temperature 
below the eutectic temperature; 4B, the compound 5,5, 
decomposes at a temperature above the temperature of 
the eutectic; 4C, the compound S,S; is stable at its 
melting point. 


C, is formed. After 
heating until the com- 
plete disappearance of 
S; the ratio of solid to 
liquid at this point 
is represented by the 
ratio of the lengths 
B,C, to A,B,. At tem- 
perature 7; the ratio 
of solid to liquid is as 
B,C, is to A2By. As the 
temperature is raised 
the amount of solid de- 


creases and the liquid increases. When 7; is reached only a very small 
amount of solid remains and the composition of the liquid has changed 


from C, which it has at 7; to C at T;,. 
mixture is in the liquid state. 


At temperatures above 7; the entire 


Thus an illustration is shown of 13 Xe 

the effect of soluble impurities on 

the melting point of pure sub- tp ——— L 
=. 3 


stances. The greater the amount 
of such impurity present up to 
saturation the greater is the effect 


on the melting point. S 
If a charge of pure 
(b) Isother- 
mal Studies S; (referring to Fig. 


2) is heated to tem- 
perature 7; and held constant at 
this temperature and, at the same 
time, a small amount of S: is 
added to this charge a small 
amount of liquid of composition 
L will be formed. As the amount 
of S; is increased the amount of 
liquid, L, will increase until the 
point Z is reached where, with 


further addition of S:, the solid ower 


Fic. 5.—Complete solid solution without 
maximum or minimum in a binary system. 
The line 1Z,L,L1,2 represents the composi- 
tion of the liquid phase and is called the 
liquidus curve. The line 155,SS,S5;2 
represents the composition of the solid 
phase and is called the solidus curve. The 
tie lines, SS,-L,, and SS;-L;, show 
the conjugate relation of liquid and solid 
phase for the three temperatures 71, 73, 


phase S, disappears and the charge is entirely liquid. As S; is added the 
composition of the liquid varies until point M is reached when the solid 
phase S; no longer completely dissolves. Further addition of S; to the 
charge increases the amount of S; present and decreases the amount of 
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liquid present. Since the line FC, (Fig. 2) represents solutions saturated 
with 5S,, and the line C,G solutions saturated with S;, the intersection C, 
(eutectic) must represent a solution saturated with both solids. The lines 
are thus solubility curves or freezing point curves. 
(2) Two-Component Syst Three types of binary diagrams are 
with Compounds P t shown in Fig. 4. Figure 4A shows a 
compound, 5:52, which decomposes at 
T; into the solids, S, and S,. Figure 4B shows a compound, S,5:, with an 
incongruent melting point, that is, it decomposes at 7; into a solid, S, 
and liquid, C, which has not the same composition as the compound, S,5. 
Figure 4C shows a compound, 5,5:, which melts congruently, that is, the 
liquid resulting from the melting 
of S,S; is of the same composition 
as the solid, Sy Ss. 


2 

(3) Two-Com- Figure 5 repre- e 
with Solid Solu- . 
(a) eSolid * depressed by a BA A 
Solu ty B and that of B Composition 

is raised by A. Fic. 6.—Binary systems with a single 


Along the isopleth, X,the sample —gojig solution: 6A, system with maxi- 


at the temperature of X» will con- 
sist entirely of liquid. If this melt 
is allowed to cool until the tem- 
perature reaches 7, the solid of 
composition SS, appears. It is 


apparent that the solid is rich in A and the liquid rich in B. 


mum melting point at C which is not a 
compound since it is not an invariant 
point; 6B, system with minimum melt- 
ing point at C, which is not a eutectic as 
it is not an invariant point. 


If the 


temperature is allowed to fall, the isopleth crosses the lines joining all 
compositions of solid from SS, to SS; and all compositions of liquid from 
L, to Ls. At temperature 7; the liquid has a composition of ZL, and 
the solid solution a composition of SS; The solid is thus increasing 
in amount of B along SS,-SS; and the liquid decreasing in amount of B 
along L,—L; so that the last drop of liquid has the composition L; and the 
total solid the composition SS;. Fractional crystallization can be ob- 
tained between 7, and 7; by removing the solid phase at any temperature 
between 7, and 7;. It can be seen that in cooling such solid solution 
systems under equilibrium conditions there is a constant interchange of 
material between solid and liquid phases and a constant change in com- 
position in all parts of the solid as cooling progresses. Figures 5, 6, and 
8 show types of solid solution diagrams. 

The freezing point of a pure solid component is lowered by the presence 
of a second component in the liquid phase except in certain cases where the 
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solid phase is a solid solution. The freezing point of a solid solution may 
be either lower than that of the pure component, equal to it, or higher, as is 
shown in Fig. 7. It is shown that, as the amount of component B in the 
solid solution increases, the freezing point of the solid solution increases 
until it becomes equal to 7; and as the amount of B increases in the solid 
solution the freezing point 
actually becomes higher 
1 than that of the pure com- 
ponent, A. If the concen- 
tration of the second com- 
ponent is greater in the 
liquid phase than in the 
solid phase, the freezing 
point is lowered and if it is 
greater in the solid phase 
than in the liquid phase, 
the freezing point is raised. 
Figure 8 shows 


Partial Pressure of Component A 


cod>e (b) Two 
; Solid two cases where 
1, two solid solu- 


Fic. 7.—Vapor pressure of component A in solid 
and liquid phases (Hill in Taylor’s Treatise on 
Physical Chemistry, p. 425, 1924). 

AX = vapor pressure curve for pure A in pure 
solid phase. 

LX = vapor pressure curve for pure A in pure 
liquid phase. 

xX = freezing point of pure A in solution of 
pure A. 

X,L, = vapor-pressure curve for pure A in solu- 
tion with B. 

X, = freezing point of pure A in equilibrium 
with solution containing both A and B. 

X2, Xs, and X, are the intersections of the vapor- 

pressure curves of pure component A in solid 

solutions of A and various amounts of B, and 

T2, T3, and 7, are the corresponding freezing points 

of these solid solutions. 


vapor phase making point ¢ an invariant point. 


tions are pres- 
ent. In Fig. 8A at point 
c there are two solid solu- 
tions of compositions A 
and B, a liquid of compo- 
sition c and a vapor phase. 
This number of phases (4) 
present in a two-component 
system makes the point c 
an invariant point which 
satisfies the definition of a 
eutectic. In Fig. 8B at 
point c there are two solid 
solutions of compositions 
A and B, a liquid solution 
of composition c, and a 
This latter point, c, is 


called a transition point as it marks the appearance of a new solid phase 
if one cools the system from a temperature above 7, to a temperature 


below 7... 


The area abc in Fig. 9 represents the 
area in which the two liquid solutions 
are in equilibrium with-a vapor phase. 


(4) Two-Component Systems 
with Two Liquid Phases 
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The composition of these two solutions at any temperature, 73, is repre- 
sented by the points 
ZL and M or the ex- 
tremities of the tie 
lines which are inter- 
sections of horizontal 
lines with the liquidus 
curves ab and bc. The 
point c at tempera- 
ture 7; is a quadruple 
point and in a two- A Composition BA Composition 8 
component system an 

invariant point since Fic. 8.—Solid solutions showing conjugate relation- 
there are two liquid ships. The two solid solutions, 5, and 5S;, have a conju- 
phases, one solid (A) sate relation to each other in the areas abxy. The solid 
solutions in areas Lac and mbc have a conjugate relation 
to the corresponding liquid phases present in these areas. 


and a vapor phase 
present. The work of 
Greig’ has shown that there are often similar conditions present in certain 

SiO,-rich regions of silicate systems. 


! 
. (E) Three-Component Systems 
3 
7 (1) Three- The number of in- 
le dependent variables 
Component . 
S on in a ternary system 
is four, namely, pres- 
Atl, without 
sure, temperature, 
Solid 
and two concentra- 
, tion variables, since 
AB a ternary solution requires a 
statement of its composition with 
A Compesition 3 respect to two components before 


its total composition is fixed. 

Fic. 9.—Conjugate liquid phases. The Five coexisting phases (a quin- 

broken lines in the area abc show the tuple point) produce an invariant 

conjugate relationship of the two liquid system, four give a univariant 
phases for the two temperatures, 7; and 73. . - 

system, three bivariant, etc. A 


complete graphical representation of the ternary systems is a very difficult 
matter. If the pressure is held constant (one atmosphere), a simplified 
system results where the composition can be represented by triangular 
coérdinates and the temperature by an ordinate at right angles to the 
triangular diagram giving a triangle prism as the space diagram. The 


7 “TImmiscibility in Silicate Melts,”” Amer. Jour. Sci., 5th Ser., 13, 1-44 and 133-53 
(1927). 
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temperatures are usually projected onto the equilateral triangle and are 
represented by isotherms on the composition triangle. 
In Fig. 10 six typical cases of ternary 
ystems! systems are shown. Figure 10A shows a 
ithout Solid Solutions system without either binary or ternary 
compounds present. The field 1-4-2, C 
represents the field of stability of component C in equilibrium with solution. 
C is thus the primary phase for this area and is the last solid to disappear 
when any composition within this area is heated. It is also the first solid 
phase to appear when liquids represented by points in this area are allowed 
to cool. Points 1, 2, 
and 3 are binary 
eutectics while point 
4 is a ternary eutectic. 
Lines 24, 3~4 are 
known as boundary 
curves, each of which 
represents a condition 
of 3-phase equilibrium 
between two solid 
phases and liquid. 
The twosolid phasesat 
equilibrium along 
are A and C, along 


Fic. 10.—Six typical cases of three-component systems. 2-4 are C and B, and 
(G. A. Rankin and F. E. Wright, Amer. Jour. Sci., 4th Ser., along 3-4 are A and 
39, 1-79(1915)). Isotherms are omitted, but the arrows 
indicate the direction of falling temperatures (p. 18). 


B. Point 4 is a quad- 
ruple point (in a con- 
densed system) at which solids A, B, and C are in equilibrium with solution. 

Figure 10B shows a ternary system where a binary compound AB is 
present. This compound is stable at its melting point. According to the 
theorem of Alkemade,’ if the line C—X crosses the line 5-6 the point of 
intersection will be a maximum on the boundary 5-6 and the points 5 and 
6 will be eutectics. However, if C-X does not cross 5-6 but intersects 
1-5 and 4-5 (as in Fig. 10C), then only 6 will be the eutectic. The line 
C-X is a conjugation line representing the binary system with components 


* For a more complete treatment see G. A. Rankin and F. E. Wright, “Ternary 
CaO-Al,O;-SiO:,” Amer. Jour. Sct., 4th Ser., 39, 1 (1915). 

®“A theorem by Van Rijn Van Alkemade serves as a very effective guide in regard 
to temperature changes in the interior of the triangle. If the two points in the triangle 
which correspond to the composition of two solid phases be connected by a line, the 
temperature at which these same two phases can be in equilibrium with solutions 
and vapor rises as the boundary curve approaches this line, becoming a maximum at the 
intersection though the boundary curve often ceases to be stable before this point is 
reached.” (Bancroft, The Phase Rule, p. 149.) 
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C and AB and which divides the ternary system A—B-C into two ternary 


systems which may be 
treated individually. 

In Fig. 10D the com- 
position of AB lies out- 
side the field 4-5-6-3 
and the compound is 
unstable at its melting 
point. In the binary 
system A-B it dis- 
sociates at a tempera- 
ture corresponding to 
point 4 into solid A and 
liquid. In the ternary 
system A—B-—C the com- 
pound AB is the 
primary phase in the 
field 3-4-5-6 and is 
stable in this field. 

In Fig. 10E, AB dis- 
sociates into solids A 
and B in the binary 
system A-B. In the 
ternary system com- 
pound AB has a stable 
field 4-5-6. 

In Fig. 10F the sys- 
tem has a binary com- 
pound AB and a ter- 
nary compound ABC, 


CA 

Fic. 11.—Three-component system, Al,O;-CaO-—SiO,, 
showing (1) boundary curves as solid lines, (2) composi- 
tion lines as dotted lines. The final product of crystal- 
lization (on slow cooling) of ternary solutions of this 
system always consists of three solid phases whose fields 
of stability are adjacent. The same three solid phases 
will be the final product of crystallization from any solu- 
tion whose composition lies within the triangle (com- 
position triangle) formed by lines joining the composi- 
tions of these three phases. (G. A. Rankin and F. E. 
Wright, Amer. Jour. Sci., 4th Ser., 39, 1-52 (1915) (p. 
52)). Nore: C = CaO, A = Al,O;, S = SiO). 


CA 


each of which has a congruent melting point as their respective composi- 
tions are within or on the boundaries of the fields in which they are the 


primary phases. 


These simple cases are also applicable to complex systems as shown in 


Fig. 11. 


(b) Crystallization in 
Ternary Systems” 
without Solid Solutions 


Geer states that “the crystallization curve™ 
denotes the locus of points which represent 
the compositions of the solutions formed on 
cooling any given solution from any given 


” A more ease treatment of the subject can be found in any of the gj 


references: (a) W. C. 


Geer, 


“Crystallization in Three-Component 


Phys. Chem., 8, 257 (1904); (b) G. A. Rankin and F. E. Wright, Amer. Jour. Sci., 4th 


Ser, 
i See footnote 10 (a) 


39, 1 (1915); and (c) O. Andersen, ‘ 
ibid., 4th Ser., 39, 407 (1915). 


‘The System Anorthite—Forsterite-Silica, 


1 
Crstobalite 
‘ 
CS 
Le 
AS 
d. ~ 
~ 
~ 
~ 
CS \ Ay 
\ 
Corundum 
WS. 
: 
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temperature to the temperature (quintuple point in case of ternary sys- 
tems) at which it becomes solid, under the assumption that no phase is 
removed during the cooling.’ The relations of solid phases to liquid 
phases of any system that does not have solid solutions are known when 
the liquidus of the system is determined for all compositions. The liquidus 
is the temperature at which the first solid (primary phase) appears on 
cooling. A knowledge of the crystallization curve or the melting curve 
for any particular melt is very valuable in the study of the firing of ceramic 
bodies. A few types of crystallization curves will be described using the 
diagrams and terms given by Andersen.'* 

In Fig. 12, point m is the ternary eutectic and all crystallization curves 
of this system are terminated at 
this point. If a liquid of compo- 
sition a is chosen and allowed to 
cool the system remains liquid 
until the liquidus is intercepted, 
at which temperature the solid, 
A, begins to crystallize. The 
course of the crystallization curve 
from this point to the boundary 
m-k follows a straight line drawn 
through A and a. This is true 
for all crystallization curves where 
solid solutions are not present. As 
the liquid changes in composition 

Fic. 12.—The — “ ame ges in from a to b solid A crystallizes. 

ternary system (O. Andersen, Amer. Jour. 

Sci., 4th Ser. (018) (p. cary), © S.second plese appears end 

the crystallization curve follows 
the boundary m-k with phases A and C crystallizing together. At point 
m the temperature remains constant until all liquid has disappeared, during 
which time the three solid phases A, B, and C are crystallizing together. 
The final product will be a mass of large crystals (on slow cooling) sur- 
rounded by smaller crystals of A, B, and C. The composition of the solid 
crystallizing at } is indicated by the intersection of the tangent to the curve 
m-—b-k at the point 5 with the line A—C, which is point 6”. The mean com- 
position of the two solid phases that have crystallized between points 6 and 
m is represented by 5’. In this case it is a mixture of A and Cin the propor- 
tion b’C:b’A. The mean composition of the total solid which separates 
out between a and m (before B begins to crystallize) is represented by a’. 
During eutectic crystallization at m the composition of the total solid 
changes from a’ to a, reaching the latter point as the last drop of liquid dis- 
appears. The amounts of solid separating between various temperatures 
12 See footnote 10 (c). 


B 


| 
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can be calculated by the use of the “lever reaction” as described in the case 
of the binary systems. Thus the amount of solid of composition A 
separated between a and } is equal to 100 times ab/Ab per cent of the initial 
composition a. The liquid of composition } remaining at 5 is 100 times 
aA/Ab per cent of a. The amount of solid of mean composition a’ sepa- 
rated between a and m (before B has started to crystallize) is equal to 
100 times am/a’m per cent of a and the amount of remaining liquid (before 
ternary crystallization has started) of composition m is equal to 100 times 
aa’/a'm per cent. 

The case of a ternary system with a binary compound stable at its melt- 
ing point is discussed in connection 
with Fig. 10B on page 474. 

In Fig. 13 the quintuple points, 
o and m, lie on the same side of the 
conjugation line, C-AB, and the 
quadruple points, A and j, lie on 
opposite sides. The field of A ex- 
tends across the conjugation line, 
C-AB, and the system C-AB is 
nota true binary system. The line 
o-m, according to the theorem of 
Alkemade, slopes toward m. In 
this case o is not a eutectic but an 
alteration point. Solid phase A 8 
crystallizes out along a—) when a Fic. 13.—A ternary system with a binary 
melt of composition a is cooled. compound which does not form a binary 
From 6 to 0, A and AB crystallize system with the third component (O. Ander- 
together, but as the total composi- sen, Amer. Jour. Sci., 4th Ser., 39, 407-54 

(1915) (p. 431)). 

tion of the solid separated between 

a and o is given at a’, there must be liquid left when oisreached. As the 
point a is within the composition triangle A~AB-C the final products of 
crystallization must be these three phases. It is evident from the diagram 
_ that the three phases which are in equilibrium at 0 are A-AB-C. There- 
fore, in this case the final solidification must take place at o and not at m. 
During the final solidification at 0, while the solid phases C and AB are 
crystallizing out, some of the phase A is redissolved. A melt, c, on the 
conjugation line C-AB crystallizes as follows: along c-b, A separates; 
along b-o, A and AB separate together; at 0, C and AB separate and A 
completely dissolves. A melt, d, on the left of the conjugation line crys- 
tallizes as follows: along d-e, A separates out; along e-o, C and A crys- 
tallize together; at 0, A dissolves and AB is formed (temperature remains 
constant until all of A disappears); along o-m, AB and C crystallize out 
together. At m the final products of crystallization are AB, B, and C, 


| 


478 HALL AND INSLEY 


which is as one would expect since the point d lies in the composition tri- 
angle B-AB-C. The mean composition of the solid separating out be- 
tween d and o is represented by d’. After all of A has disappeared at o 
and crystallization begins to proceed along o—m the mean composition of 
the solid has changed tod’. Along o-m the mean composition of the solid 
changes from d” to d’’’ and during the final crystallization at m from d’’’ 
to d. 

In Fig. 14 the quadruple points, 4 and j, and the quintuple points, o 
and m, all lie on the same side of the conjugation line. A melt of composi- 
tion e crystallizes as follows: along e-, A separates out; at b the compound 
AB begins to crystallize out and A to redissolve and this process continues 
until o is reached. Final crystalli- 
zation takes place when the com- 
position of the liquid and the tem- 
perature of the system reaches 0. 
In this case A does not completely 
dissolve and the final products 
are A, AB, and C. If the tangent 
to the line jo intersected the 
line A-AB and not its prolonga- 
tion, the solid A would tend to 
increase in amount along j-o. A 
melt of composition a will crys- 
tallize as follows: from to 

A A separates out; between } and 

Fro. 14.—A ternary system containing a ¢c, AB separates out and A dis- 
its solves (is resorbed), and at the 
Ser., 39, 407-54 (1915) (p. 433). point ¢ all of A has disappeared, 

as the mean composition of total 
solid separated between a and c is represented by AB. From c the crys- 
tallization curve leaves the boundary j-o and continues to d while AB 
is separating. From d to m, B and AB separate together and at m, AB, 
B, and C crystallize together. All melts in the field j-o—AB pass through 
the field h-m-o-j. The line j-0 in this case is called an alteration curve 
and is indicated by double arrows. 

Figure 15 illustrates a case of recurrent crystallization. Thus at the 
point c (in the crystallization of a melt of composition a) the phase A 
disappears and the crystallization curve follows the straight line to point 
d, at which point A begins to separate and continues to do so along with 
AB until point o is reached. At the point o the temperature remains con- 
stant and A dissolves with separation of C and AB. Along o-m, C and 
AB separate together and the final product of crystallization at m is B, 
AB, and C, as the original point lies within the composition triangle 
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B-AB-C. A melt e crystallizes as follows: along e-b, A separates; 
between 5 and p separation of AB and partial solution of A; from p to 0, 
A and AB separate together. At 0, A partly dissolves while C and AB 
separate out and the final products of crystallization are AB, A, and C. 
() S Relating to (a) On cooling a liquid the first phase 

) to appear is the primary phase for that 
Ternary Systems Not om 
Containing Solid Solutions® of the melt is represented. 

(6) The crystallization curve follows to 
the nearest boundary the extension of the straight line connecting the 
composition of the original liquid with that of the primary phase of that 
field. The composition of the 
liquid within the primary fields 
is represented by points on the 
crystallization curve. This curve 
is the intersection of a plane 
(passed perpendicular to the base 
triangle and passing through the 
compositions of the original melt 
and the primary phase) with the 
liquidus surface. 

(c) At the boundary line a 
new phase appears which is the 
primary phase of the adjacent 
field. The two phases separate B 
together along this boundary as Fic. meets ee a 
the temperature is lowered. 

(dé) Two conditions might be Sci., 4th Ser., 39, 407-54 (1915) (p. 435)). 
present that would alter the crystallization along the boundary: (#) The 
first phase will increase as is the case where the tangent to the boundary 
curve intersects the line connecting the compositions of the two phases 
separating or it will decrease (be resorbed) if this tangent intersects the 
prolongation of this line. (#) The crystallization curve will leave the 
boundary curve when the first phase has become completely resorbed 
leaving only the second solid phase. This may be inferred from a study 
of the mean composition of the solid separating between successive points 
on the crystallization curve. 

(e) The crystallization curve always ends at that quintuple point 
which represents the equilibrium between liquid, vapor, and the three solid 
phases of the three components within whose composition triangle the com- 
position of the original liquid was found. 


18 G. A. Rankin and F. E. Wright and O. Andersen, loc. cit. 
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(f) The composition of the solid which is crystallizing at any point on 
a boundary line is shown by the intersection of the tangent at that point 
with the line joining the composition of the two solid phases which are 
crystallizing at the given point. 

(g) The mean composition of the total solid which has crystallized to 
any point on the crystallization curve is found by extending the line con- 
necting the given point with the original liquid composition to that line 
connecting the compositions of the phases that have been separating. 

(h) The mean composition of the solid that has separated between two 
points on a boundary is found at the intersection of a line, passing through 


Fic. 16.—(A) Melting surface of a three-component system in which one of the 
binary systems, A—B, has solid solutions present. In the ternary system these solutions 
extend to the boundary EE, (modified from N. L. Bowen, Amer. Jour. Sci., 4th Ser., 
38, 207-64 (1914) (p. 221)). 

(B) Position of solid-phase indicating lines at temperatures 7; and 72. At 7; the 
lines are full and at 7; they are broken. 

(C) Three-phase boundaries of system shown in (A). 


these two points, with the line connecting the compositions of the two solid 

phases separating along this boundary. 

In systems where there are no solid solutions 

Systems with it is necessary only to locate the boundary 

Solid Solutions" curves and isotherms to determine the crys- 
tallization of any mixture within the system 


“(a) N. L. Bowen, “The Crystallization of Haplobasaltic, Haplodioritic, and 
Related Magmas,”’ Amer. Jour. Sci., 4th Ser., 40, 161-85 (1915). 

(5) J. B. Ferguson and H. E. Merwin, ‘“‘Wollastonite and Related Solid Solutions in 
the Ternary System CaO—-MgO-SiO,,”’ ibid., 4th Ser., 48, 165-89 (1919). : 

(c) N. L. Bowen, ‘‘Diopside—Forsterite—Silica,” ibid., 4th Ser., 38, 207-64 (1914). 

(d) F. A. H. Schreinemakers, “Mischkristalle in Systemen dreier Stoffe, Part I,” 
Z. phys. Chem., 50, 169 (1904-1905); Part II, 51, 547; Part III, 52, 513. 

(e) H. E. Boeke and W. Eitel, Grundlagen der Physikalisch-Chemischen Petro- 
graphie. Zweite Auflage; Gebruder Borntraeger, Berlin. 

(f) G. W. Morey, “The Interpretation of Phase Equilibrium Diagrams,” Glass Ind., 
12, 69-80 (1931). 

(g) G. W. Morey, “Analytical Methods in Phase-Rule Problems,” Jour. Phys. 
Chem., 34, 1745-50 (1930). 


(2) Three-Component 
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as the crystallization curve follows a straight line, radiating from the 
composition of the separating solid to the intersection of the line with a 
boundary curve and along the boundary curve to the ternary eutectic. 
Crystallization curves in solid solution areas of ternary systems are not 
straight lines and the liquid follows a curved course in reaching the bound- 
ary curve. The composition of the solid changes as the temperature is 
lowered as was shown for binary systems (Fig. 5). In the discussion of 
crystallization in a ternary system containing solid solution it is necessary 
to know the position of the isotherms, boundary curves, and conjugation 
lines.“ These conjugation lines have been referred to by some writers as 
solid-phase-indicating lines as they indicate the composition of the solid 
phase in equilibrium with a definite liquid base. In special cases where the 
extremities of these conjugation lines or solid-phase-indicating lines are on 
the boundary lines of the three-phase system, they are designated as three- 
phase boundaries. A simple case of solid solution in ternary systems is 
shown in Fig. 16, A and B. In the binary system A-B, the line 1’—5’ 
(Fig. 16A) and similar lines parallel to the base give the composition of the 
solid phase in equilibrium with the liquid phase at the corresponding tem- 
perature. The line 5-4-6 (Fig. 16B) is the isotherm for the temperature 
T, and line that for the temperature 
The phases present at 7; (Fig. 16B) are as follows: 


Area 5-4-6, all liquid. 

Area A-5-4-3, liquid 5 to 4 and solid solution A to 3. 
Area 6-4—C, liquid 6 to 4 and solid C. 

Area 3-4-C, liquid 4, solid solution 3, and solid C. 
Area 3-C-B, solid C and solid solution 3 to B. 


The phases present at 7; (Fig. 16B) are as follows: 


Area A-5’—4’-6’, all liquid. 

Area 5’—4’-3’, liquid 4’ to 5’ and solid solution 1’ to 3’. 

Area 6’—4’—C, liquid 6’ to 4’ and solid C. 

Area 3’-4’—C, liquid 4’, solid solution 3’, and solid C. 

Area 3'—C-B, solid C and solid solution 3’ to B. 
The points 4 and 4’ represent the composition of liquids in equilibrium 
with two solid phases, namely, a solid solution at either 3 or 3’ anda solid 
of composition C, and they lie on the boundary £,—F, of Fig. 16A. As the 
extremities of the lines 3-4 and 3’—4’ lie on boundaries of the ternary sys- 
tem these lines are two of the many possible three-phase boundaries 
which are shown in Fig. 16C. Any melts represented by a composition in 
the area Z~Y—C (Fig. 16C) on crystallizing follow a radial line from C 
with phase C separating out until the boundary Z-Y is reached at which 
point of intersection a solid solution begins to separate out. The composi- 
tion of the solid solution at any given temperature is represented by the 
other extremity of three-phase boundary at that temperature. Thus a 


ad See footnote 14 (c). 
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liquid solution of composition 4’ is in equilibrium with solid solution of 
composition 3’ and solid 
C. As the temperature 
drops the liquid solu- 
tion changes in compo- 
sition along Y—Z toward 
Y while at the same 
time the solid solution 
is changing along B—A 
toward A and the solid 
C remains unchanged 
in composition. All 
solutions do not reach Y 
before complete solidi- 
fication takes place as 
the original composi- 
tion of the melt deter- 
mines the final solidifi- 
cation temperature and 
Fic. 17.—Course of crystallization in a ternary system the temperature at 
where one of the binary systems is a complete solid which incipient fusion 
solution series (modified from N. L. Bowen, Amer. Jour. takes place. 
Sei., 4th Ser., 40, 161-89 (1916) (p. 179)). : 
For purposes of dis- 


cussion consider a system shown in Fig. 17, which is somewhat similar to 
that shown in Fig. 16A. 
The line a-c is the 
crystallization curve for 
melt a to the boundary A 
E,E,. The first solid to 


4 
separate is represented 
by As the tempera- 


ture drops the compo- 
sition of the liquid 
changes along a-b-c. 
When the composition 
of the liquid has reached : & 


b, the composition of . 
the solid solution has Fic. 18.—A ternary system containing a binary com- 
changed to };. The pound stable at its melting point which forms a complete 


reaches the boundary —_ Sci., 4th Ser., 38, 207-64 (1914) 


E,E, at c, which is on 
the three-phase boundary c—a~c; through the point a. The composition of 


B 


Cc 


~ curve Series of solid solutions with the third component (N. L. 
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the solid solution in equilibrium with the liquid solution cis c,. The simul- 
taneous crystallization of C and solid solution continues along E,E, toward 
E,. At point d, which is on a three-phase boundary with d, (d, being the 
intersection of line Ca with the base AB), all of the liquid is used up and 
complete solidification takes place. The solid mixture consists of solid C 
and solid solution of composition d;. All of this occurs on the assumption 
that the crystallization is taking place at a sufficiently slow rate so as to 
permit the solid solution to attain equilibrium at every instant with the 
liquid solution. A melt of composition x (Fig. 17) will crystallize as 
follows: Solid C will begin to crystallize when the temperature has reached 
the isotherm passing 
through the intersec- 
tion of the vertical 
projection of x with 
the melting surface 
C-E,-E,. Solid Ccon- 
tinues to crystallize 
along x-e until point 
e is reached, when a 
solid solution of com- 
position ¢, (the inter- 
section of the three- 
phase boundary 
through e with the Fic. 19.—A ternary system containing a binary com- 
base A-B) begins to pound unstable at its melting point which forms a series 
separate with solid of solid solutions with the third component (see N. L. 
C, and the crystalliza- Bowen, Amer. Jour. Sci. 4th Ser., 38, 207-64 (1914) 
tion continues along (p. 225)). See also N. L. Bowen, The Evolution of 
E,-E, toward Ey with Igneous Rocks, Princeton University Press. 

change in composition of the liquid phase as represented by points on 
E-E, and change in composition of solid solution as represented by the 
other extremities of the three-phase boundaries on the base line A-B. 
At point d the liquid phase is completely used up and solidification takes 
place. The final composition of the solid solution in equilibrium with 
liquid solution d is again d, and this solid solution is the one found in the 
solidified product of the melt x along with solid C. 


Figure 18 illustrates a case where the compound AB forms a complete 
series of solid solutions with the component C. This case can be con- 
sidered as two ternary systems of the type represented in Fig. 16A, namely, 
systems C-AB-A and C-AB-B. 

Figure 19 illustrates a case where the compound AB is unstable at its 
melting point and this system can not be treated as the last case was 
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treated. Mixtures in the region C-—K behave as true binary mixtures. 
There are two possibilities in this region of the ternary system as are shown 
in Fig. 19 at (a) and (6). Mixtures in the region K to L behave on melting 
as true binary mixtures until the temperature of the isotherm passing 
through K is reached, at which point solid A begins to separate out. 
Mixtures between L and AB melt at temperatures above that of the point 

K with the separation of pure A. 
¢ The broken lines in Fig. 19 are the 
three-phase boundaries for this type 
of system. 


(a) Methods 
of Determi- 


(1) If a mixture in 
a system containing 
nation of the from 
D definite temperature 
and found to contain 
the three phases, solid solution, 
liquid solution as glass, and a solid 
Z component of an adjacent field, 
A e . 6 © then the determination of the 
Fic. 20.—Determination of the position composition of the solid solution 
of the three-phase boundary, FG (modi- hy optical methods is sufficient to 
fied from N. L. Bowen, Amer. Jour. Sci., locate the three-phase boundary 
4th Ser., 40, 161-89 (1916) (p. 222)). ; 
for the temperature from which the 
melt was quenched. This can be explained by the use of Fig. 20. Suppose 
that the lines D-F and F-E are the isotherms for the system A—B-C at the 
temperature 7. The phases present in the areas are as follows: 
Area D-F-E-A, all liquid. , 
Area E-F-G, liquid E to F and solid solution K to G (the solid solution G being in 
equilibrium with the liquid C at this temperature). 
Area C-D-F, liquid D to F and solid C. 


Area C—F-G, liquid F, solid solution G, and solid C. 
Area B-G-—C, solid solution, GB and solid C. 


In order to be able to predict the phases present at 7, it is necessary to 
know the position of the line FG or in other words the composition of the 
solid solution at the temperature 7, which is the point G as F is already 
known. This composition may be determined by optical methods pro- 
vided the optical properties, especially the refractive indices, of the com- 
plete series of solid solutions in the binary system are known. Lines CF 
and CG also bound the three-phase field CFG but are merely straight lines 
radiating from C. 

(2) A three-phase boundary may also be determined by starting with a 


6 See footnote 14, p. 480; also N. L. Bowen, “System Diopside—Forsterite—Silica,”’ 
Amer. Jour. Sci., 4th Ser., 40, 161-85 (1915). 
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mixture of known composition and (1) determining the temperature at which 
the three-phase area is entered by cooling the melt from a higher tempera- 
ture to a lower temperature or (2) determining the temperature of beginning 
of melting by starting with a mixture of solid C (Fig. 20) and a solid solution 
of known composition lying between A and B. 


III. Comments on the Diagrams 


The diagrams of systems which form the major part of this publication 
are, for the most part, as nearly accurate copies as possible of the original 
diagrams. Where systems have been studied by more than one worker 
that version was taken which was thought by the compilers to be the most 
accurate. There has been no attempt made to recalculate the drawings 
and make them uniform in statement. It is to be understood that tem- 
peratures are given in degrees Centigrade and that composition is given in 
weight percentage unless otherwise stated on the individual diagrams. 
The arrangement is stated under Part II of the List of Illustrations, p. 459. 
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450 

Degrees 
Fic. 23.—Thermal expansion of quartz (modified 


from A. L. Day, R. B. Sosman, and J. C. Hostetter, 
Amer. Jour. Sci., 4th Ser., 37, 1-39 (1914)). See also 
Hewitt Wilson, Ceramics —Clay Technology, p. 207. 


2800 ;- 
Liquid 
MgO+ Liquid J 
MgO 
Fic. (0. A. Rankin and H. E. 
Merwin, Jour. Amer. Chem. Soc., 38, 568-88 (1916) (p. 
571)). See also Hewitt Wilson, Ceramics—Clay Tech- 
nology, p. 238. 
3NoF -AIF, 
+ Melt», 
Solid Solution + + Melt.» | 
wot | | 
5NoF - 3A 
SNaF AIF, +] AIF, + Melt? 
+ 
NaF Mol per cent. AIF, AIF, 
Fic. 25. NaF-AIF (Fedotieff 
and Iljinsky, Z. anorg. Chem., 80, 113-54 
(1913) (adapted from diagram on p. 121)). 
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2000 Fe Solution A= 
Solid Solution B=SSCa 
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N,0,¢ 00-540, 
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CoO BCa0-3A1,0, | 3000-5A1,0, A,0, 
3Ca0-Al,0, (a0°Al,0, 


Fic. 27.—System CaO-Al,O; (A. L. Day and R. B. Sosman, 
Amer. Jour. Sci., 4th Ser., 31, 341-49 (1911); G. A. Rankin 
and F. E. Wright, ibid., 4th Ser., 39, 1-79 (1915) (p. 11)); 
E. S. Shepherd, G. A. Rankin, and F. E. Wright, ibid., 4th 
Ser., 28, 293-333 (1909) (p. 306)). See also Hewitt Wilson, 
Ceramics—Clay Technology, p. 235. 


(Pascal, Z. 
-. 19, 610-13 (1913) (p. 611)). 


26.—System CaF,-Al,O,; 
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1 Ligu 
v 4 
D> 
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Weight percent Cad 
Fic. 28.—The system CaO-B,O; (E. T. Carlson, 


Bur. Stand., Jour. Research, 9, 825-32 (1932) 
(p. 830)). 
2800 
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1800 L iL L 
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Fic. 29.—Systems MgO-a@Al,O; and 
MgO-8AIl,O; (G. A. Rankin and H. E., 
Merwin, Jour. Amer. Chem. Soc., 38, 


568-88 (1916) (p. 571)). Errata: Lower 
. right-hand corner of lower figure should 
show lettering @Al,O;. See also G. A. 
Rankin and H. E. Merwin, Amer. Jour. 
Scei., 4th Ser., 45, 301-25 (1918) (p. 304); 
Hewitt Wilson, Ceramics—Clay Tech- 


nology, p. 236. 

st 
8 = VA 

| | 

r) 20 40 60 BO 700 
Mole percent ZnO 


Fic. 30.—The system ZnO~—Al,O; (E. N. 
Bunting, Bur. Stand., Jour. Research, 8, 
279-87 (1932) (p. 280)). 
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Research, 6 [6], 947-49 


20 
Fic. 31.—System Cr,0,;- 
ing, Bur. Stand., Jour. 


(1931) (p. 948)). 
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Merwin 
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(not a true binary sys- 
Jour. Wash. 
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(1916) (p. 534 
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Fic. 32 


lower composition field should read 


tem) (R. B. Sosman and H. E 
Fe,O3. 


Acad. Sci., 6, 532-37 
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K,0-Si0,+K,0:2Si0, 


K,0-4S:0, + Liquid 


765° 


Liquid 


High Quartz + Liquid 


K0:25i0, + KO 45:0, 


70 7s 


Weight. per cent. Si0, 


Fic. 33.—The binary system K,SiO;-SiO, (F. C. Kracek, N. L. Bowen, and G. W. 


Morey, Jour. Phys. Chem., 33, 1857-79 (1929) (p. 1872)). See also Glastechnische 


Tabellen, p. 22. 
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Crstobatite + Liquid 


~ 


Trdymite + Liquid 


| Sol Sol of 
Salo BySy*BS, + Liquid 


Tridymite 
1300 1 
0 | 130 60 80 90 100 
Bad Per Cent Weight 
Fic. 36.—System BaO-SiO, (P. Eskola, Amer. Jour. Sci., 5th 
Ser., 4, 331-75 (1922) (p. 345); modified by J. W. Greig, ibid., 
4th Ser., 13, 1-44 (1927) (p. 27)). See also Glastechnische 
Tabellen, p. 31; Hewitt Wilson, Ceramics—Clay Technology, p. 


247. 


CaQ, 2572210 


2Ca0-Si0sLiquid 


Liquid B 
Liquids AsB 
3Ca0-2Si0,* Liquid hs 169825 5 
 aCa0-Si0,+Liquid 
\ 


a2Ca0-Si0,+ 
3Ca0°Si0, 


1470210 


“Tridymite*Liquid 8 
Tridymite +aCa0-Si0, 


121025 


2Ca0-Si0,+ 
3Ca0-2Si0; 


Tridymite + 2Ca0-Si0, 
2Ca0-S:0, Weight per cent Sid, 
3Ca0-Si0, 3Ca0-2Si0, 

Fic. 37.—System CaO-SiO, (A. L. Day, E. S. Shepherd, and F. E. 
Wright, Amer. Jour. Sci., 22, 265-302 (1906); G. A. Rankin and F. E. 
Wright, ibid., 4th Ser., 39, 1-79 (1915); J. W. Greig, idbid., 5th Ser., 
13, 1-44 (1927); J. B. Ferguson and H. E. Merwin, ibid., 4th Ser., 48, 
81 (1919)). See also Hewitt Wilson, Ceramics—Clay Technology, p 
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Weaht. in Liquid at 
Liquidus Temperature (%) 


Crstobolite + Liquid 


Trdymite + Ligud 


Fayalite 


Fic. 38.—-System FeO-SiO, (N. L. Bowen and J. F. 
Schairer, Amer. Jour. Sci., 5th Ser., 24, 177-213 (1932) 
(p. 200)). 


Liquid A- 
Liquids A*B 


1698" 


Forsterte (ristobalite + Liquid A 
+ Liquid B 


Periclase + Forsterite 


Cristobalite+ Liquid B 


+ 


Clinoenstatite + Liquid 8 


forsterite + 
Clincenstatite | © Clinoenstatite + Cristobalte 


40 60 # 100 
SiO, 

Weight per cent 
Fic. 39.—System MgO-SiO, (N. L. Bowen and O. 
Andersen, Amer. Jour. Sci., 4th Ser., 37, 487-500 (1914) 
(p. 488) and N. L. Bowen, sbid., 4th Ser., 38, 207-64 
(1914); later modified by J. W. Greig, idid., 5tn Ser., 13, 
1-44, 133-54 (1927) (p. 40)). See also Glastechnische 


| | 


Tabellen, p. 24; Hewitt Wilson, Ceramics—Clay Tech- 
nology, p. 236. 


493 
10 
0 
1800 
/400 
| 
1200 / Liquid 
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Weight. Per Cent 
900 
Pendase + Liquid 8 / sx 
1800 
Ly uid B 
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| 


J. W. Greig, 
Sci., 5th Ser., 13, 137 (1927)). See 
also Glastechnische Tabellen, p. 33: 
ee , 23, 879 


| 
Fic. 41.—Partial diagram of system PbO-SiO, 
(H. C. Cooper, L. I. Shaw, and N. E. Loomis, Amer. 
Jour. Sci., 4th Ser., 42, 461 (1909); J. B. F 
International Critical Tables, Vol. 4, ye 928) 
(p. 86)). See also K. A. Krakau and N Vakbre. 
meev, Trans. Inst. 7 1-32 
(1931); Glastechnische Tabellen, p. 
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Fic. 40.—The system MnO-SiO, 
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Crstobalite & Liquid B 
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Tndymite & Liquid B 


i i Sr0-Si0,+ Tridymite | 
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40 
Percent Weight 
$r0'Si0, 


SrO 
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20: 
2Sr0'Si0, 


Fic. 42.—System SrO-SiO, ( 
5th Ser., 4, 331-75 (1922) (p. 
ibid., 5th Ser., 13, 1-44 (1 
Jour. Amer. Ci 
len, p. 30; Hewitt Wilson, wen |B Technology, p. 248. 


/ 
os" 


\Cristobalite + Liquid A 
Cnstobolite + Liquid B 


Indie + +LiquidB 


+1, 


$10, Mol per cent 
Fic. 43.—System ZnO-SiO, (E. N. Bunting, Bur. Stand., 
Jour. Research, 4, 131-36 — (p. 134)). See also E. N 
Bunting, Jour. Amer. 


am. Soc., 13 [1], 5-10 (1930) 
(p. 8); Glastechnische Tabellen, p. 35. 
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Fic. 44.—System ZrO.-CaO (O. Ruff, F. 
Ebert, and E. Stephan, Z. anorg. allgem. Chem., 


180, 215-24 (1929) (p. 219)). 


Li 


CristobliteLiquid 
2Si0, + Liquid 


Cristobalte+ 3AL0,2Si0, 


i i 
1400 


0 60 80 
Sid, Weight per cent aAl,0, 

Fic. 45.—System aAl,0;-SiO, (N. L. Bowen and J. W. 
Greig, Jour. Amer. Ceram. Soc., 7 [4], wate A we (p. 
242); N. L. Bowen and J. W. Greig, Jour. Wash. Acad. 
Sci., 14, 183-91 (1924); J. W. Greig, Jour. Amer. Ceram. 

., 8 [8], 465-84 (1925): Amer. Jour. Sct., 5th Ser., 11, 1 
(1926); sbid., 13, 1-44 (1927)). See also Glastechnische 
Tabellen, p. 37; Hewitt Wilson, Ceramics—Clay Tech- 
nology, p. 232. 


' 496 HALL AND INSLEY 
| 2700 2700 
2600 2600 
2500 2500 
Fa 2400 
23 2300 
00 
> 
2200 2200 
2100 2100 
2000 
Corundum 
1800 
| \/ Corundum 
1600 +3AL0,2Si0, 


PHASE-RULE DIAGRAMS 


40 60 80 100 
Weight Per Cent 

Fic. 46.—System Al,O;-TiO, (unpublished data of 
E. N. Bunting). Solid dots represent determina- 
tions of H. v. Wartenberg and H. J. Reusch, Z. 
anorg. allgem. chem., 207, 1-20 (1932) (p. 10). 


20 4 60 
Zr0, Mol per cent 
Fic. 47.—System ZrO,-SiO, (E. W. 
Washburn and E. E. Libman, Jour. 
Amer. Ceram. Soc., 3, 634-40 (1920) 
(p. 638); H. v. Wartenberg and W. 
Gurr, Z. anorg. aligem. Chem., 196, 379- 
80 (1931) give as melting point ZrO,-- 
SiO,; Glastechnische Tabellen, p. 39; 
Hewitt Wilson, Ceramics—Clay Tech- 
oo p. 249). See also Figs. 53 and 
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Fic. 48.—System eRe (unpublished data of 
E. N. Bunting). 
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Fic. 49.—System ZrO,-ThO; (probable diagram). 


(O. Ruff, F. Ebert, and H. Woitinek, Z. anorg. allgem. 
Chem., 180, 255 (1929) (p. 255)).. 
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Fic. 50.—System CaF,-3NaF-AlF; 
(P. Pascal, Z. Elektrochem., 19, 610-13 
oD (adapted from diagram on p. 
611)). 


Fre. 51.—System Al,O,-3NaF - AIF; 
(Lorenz, Jabs, and Eitel, Z. anorg. Chem., 
83, 39-50 (1913) (p. 42)). 
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Fic. 52.—System 3NaF-AIF;-Al,O; (P. 
Pascal, Z. Elektrochem., 19, 610-13 (1913) 
(adapted from diagram on p. 611)). 
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Fic. 53.—The system Na,SiO;-ZrO, (J. D’Ans 
and J. Léffler, Z. anorg. allgem. Chem., 191, 1-35 
(1930) (p. 19)). See also Figs. 47 and 84. 
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Fic. 54.—System KAISi,O,-SiO, (G. W. Morey and 
N. L. Bowen, Amer. Jour. Sci., 5th Ser., 4, 1-21 (1922) 
(p. 10)). See also Hewitt Wilson, Ceramics—Clay 
Technology, p. 46. 
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PHASE-RULE DIAGRAMS 


Liquid 


2Ca0-Ba0-3Si0, 


1320 1320 + Liguid 
arCa0-Si0, 

+ 2Ca0-Ba0 

2Ca0-Bo0 3Si0, 

Ca0-Si0, Wexht per cent Ba0-Si0, 


Fic. 59.—System BaO-SiO,-CaO-SiO, (P. Eskola, 
Amer. Jour. Sci., 5th Ser., 4, 331-75 (1922) (p. 358)). 
See also Glastechnische Tabellen, p. 71. 


1480 


Cad SO, Weght per cent 

Fic. 60.—System Ca0O-SiO,-SrO-SiO, (P. 
Eskola, Amer. Jour. Sci., 5th Ser., 4, 331-75 
(1922) (p. 353)). Liquid above and solid 
solutions below the curves. See also Glastech- 
nische Tabellen, p. 70. 
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(560 
acCa0-Si0, 
1400 + Liquid Ba0-Si0, 
+ Liquid 
640 
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1550 T T T T 
Liquid 
4 
Solid Solution 
Two Solids 
1250 4 
1/50 
#”0 30 50 » 
CoSi0, Molecular PerCent 
Fic. 61.—The system 
CaSiO;-CaTiOs (adapted 


from S. Smolensky, Z. anorg. 
Chem., 73, 294-98 (1912) (p. 
295)). See also Glastech- 
nische Tabellen, p. 77. 


MnTi 0; 


1350° 


Mn 0; 


40 60 
22.3 383 
Mol per cent MnTi0, 


. Fic. 62.—The system MnSiO;-MnTiO; (adapted from 
S. Smolensky, Z. anorg. Chem., 73, 299 (1912)). See also 
Glastechnische Tabellen, p. 78. 
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q 
Liquid 
1600 
Camegiette 
J 
woo, 
Nephelite-SS | 
ry 
1200 5 4 
0 20 w 60 80 100 
Na,0:AL0; 2Si0, K.0-AL0,; 2Si0, 


Fic. 63.—System nephelite (carnegieite) (Na,O-Al,0;-- 
2SiO,)-kaliophilite (K,O-Al,O;2Si0O.) (N. L. Bowen, 
Amer. Jour. Sci., 4th Ser., 43, 115-32 (1917) (p. 126)). 
SS = mixed crystals. See also Glastechnische Tabellen, 
p. 79. 


700 
1300 


60 80 100 
Weght. per cent diopside Ca Mg SiO, 


Fic. 64.—The binary system: leucite (K,O- 
Al,O;-4SiO,)—diopside (CaO-MgO-2SiO.) (N. L. 
Bowen and J. F. Schairer, Amer. Jour. Sci., 
5th Ser., 18, 301-12 (1929) (p. 304)). See also 
Glastechn' sche Tabellen, p. 88. Note: Above 
the liquidus the word “‘liquid” should be in- 
serted; at the left below the liquidus, the words 
“leucite + liquid’; at the right below the 
liquidus, “‘diopside + liquid.” 
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> 
noo} and Li \ Nephete, Mee, 
Weght per cent NaAISO, 
Diopside Nephelite 


Fic. 65.—Pseudo-binary system: (Na,0-Al,0;-- 
2SiO,)-diopside (CaO-MgO- (N. L. Bowen, The Evolu- 
tion of Igneous Rocks, Princeton, 1928, p. 261). See also 
Amer. Jour. Sci., 5th ‘Ser., 3, 1-34 (1922) ; Glastechnische 
Tabellen, p. 86. 


1100 Vv 


0 20 40 60 80 100 
Diopside Weight per cent Albite : 
Ca0-Mg0:2Si0, 


Fic. 66.—System diopside (CaO-MgO-2Si0,)-albite 
(Na,0-Al,0;-6Si0,) (N. L. Bowen, Amer. Jour. Sci., 4th 
Ser., 40, 161-85 (1915) (p. 165)). See also Glastechnische 
Tabellen, p. 87. 
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100 
CaAl, Si,0, 


Fic. 67.—System Na;AlSizOs carnegieite)— 


CaAl,SizOs (anorthite) ( 


to N. L. Bowen, Amer. 


Jour. Sci., 4th Ser., 33, 551-73 (1912) (p. 559)); thesis, 
Massachusetts Institute of Technology, 1912; Glas- 


technische Tabellen, p. 81. 
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<0 60 & 100 
Albte Per Cent Weight Anorthite 
Na,0-Al0;6Si0, Ca0-Al,0;2Si0 


Fic. 68.—System albite (Na,O-Al,O;-- 
6SiO;)-anorthite (N. 
L. Bowen, Amer. Jour. Sct., 4th Ser., 40, 
161-85 (1915) (p. 164)). See also Hewitt 
Wilson, Ceramics—Clay Technology, p. 
222; Glastechnische Tabellen, p. 81. 


Ses 

Wert per cent 
CaM 250, 2S0, 


Fic. 69.—Diopside (CaO-MgO-2- 
SiO,)-anorthite (CaO-Al,O;-2Si0,) (N. 
L. Bowen, Amer. Jour. Sci., 4th Ser., 
40, 161-85 (1915) (p. 164)). See also 
Hewitt Wilson, Ceramics—Clay Tech- 
nology, p. 224; Glastechnische Tabel- 
len, p. 84. 
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(500 Liquid | 
Anorthite + Liquid 
_-Nephelit + Liquid 
som 
Anorthite + SS--.f 
f YY Yj 
wo WW) 
Vf 
990 
NaAL, Sid, 
#600 
BY 
| 
woo 


& 
Akermanite 
Fic. 70.—System gehlenite (2Ca0O-Al,0;-- 
SiO,)-akermanite (2CaO-MgO-2SiO.) (J. B. 
Ferguson and A. F. Buddington, Amer. Jour. 
Sci., 4th Ser., 50, 131 (1920)). See also Hewitt 
Wilson, Ceramics—Clay Technology, p. 223; 

Glastechnische Tabellen, p. 84. 


AIF 
Linvoriont 
E -evtechc: NaF I- :A-Caf, 
F- P invariant: 3NaF -AIF,-SNaF 3AlF, 
Indeterminate 


Fluorspar 


Indeterminate 


Hiaio) 60) CaF, 


Fic. 71.—System AIF;-NaF-CaF, (Fedotieff and Iljinsky, 
Z. anorg. allgem. Chem., 129, 93-107 (1923)). 
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Fic. 72.—The system K,SiO;-Na,SiO;-SiO, (F. C. 
Kracek, Jour. Phys. Chem., 36, 2529-52 (1932) (p. 2538)). 
HJ = 678° 
KL = 590° 
MN = 573° 
O = 640° 
PQ = 870° 
RS 


= 1470° 


A=ALG 


73.—System K,O-CaO-Al,O; (unpublished 
work by L. T. Brownmiller). 
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54], 149-87 (1930) (p. 158)). See also Glastechnische Ta 


. Soc. Glass Tech., 14 
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Fic. 76.—A portion of the ternary system K,O—CaO-SiO.; (G. W. Morey, 
F. C. Kracek, and N. L. Bowen, Jour. Soc. Glass Tech., 14 [54], 149-87 (1930) (p. 
158)). Isotherms are shown within the fields of the various compounds giver’ on 
Fig. 75. 
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| | 
40 SO 60 70 80 


+ 


as-S (630, 436 
285 105 D INS | 18/375 /607" 821 | 


175/509 1284) M on NCS NS, 


M = Melting Pot / | 740 
D = Decomposition Point / [52 213/735) 725 
= Inversion Pont 10 187/743) 870 
NCS, 7/734 1035] 
NCS,- 145, 1910, 665 1030 
ats) 195) 177/628) 
| 156) 1141730 
| 
4 Binary Eutectic 
Ternary Eutectic 
© Decomposition Point 
© Reaction Point 


/ @ Inversion Point. 
\ C=Ca0 N=No,0 


“A... 
‘ $=S0, Q=Quortz 
T=Tridymite 


90 


Na,0Si0, No,0'2S0, Si0, 


Fic. 77.—System CaO-SiO,-Na,0-SiO,-SiO, (G. W. Morey and N. L. Bowen, Jour. 
Soc. Glass Tech., 9, 226-64 (1925) (p. 233)). See also Hewitt Wilson, p. 245; Glas- 
technische Tabellen, p. 43. 
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Fic. 78.—Part of the ternary system Na,O—-CaO-SiO:, of interest to glass tech- 
nology (G. W. Morey, Jour. Amer, Ceram. Soc., 13 [10], 683 (1930)). Weight per cent 
ee is indicated along the horizontal axis; weight per cent CaO along the vertical 


ht per cent Na,O is obtained by subtracting the sum of CaO and SiO, 
100% 
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PHASE-RULE DIAGRAMS 


H. W. V. Willems, Amer. Jour. Sci. 
(1930) (p. 425). ‘See also Figs. 
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Sid, 
Na,0- Te \ 
of 
0, 
0 
0 20 60 100 
Na,0 Weight Per Cent Fe), 
Fic. 79.—System Na,SiO;-Fe,0,;-SiO, (N. L. Bowen, 
J. F. Schairer, and H. W. V. Willems, Amer. Jour. Scé., 5th 
Ser., 20, 405-55 (1930) (p. 435)). For details see Figs. 
= 81, 82, and 83. See also Glastechnische Tabellen, p. 
Cristobalite and Liquid * 
5:0, \ 
\ \ 
Cristobalite ~~~, \ \ 
\ \ 
\ 2 
\ 
Quartz ~ \ 
~ i \ \ 
\% \ 
Na,0'$10, Fe, 
Fic. 80.—The and the in- 
J. F. Schairer, and 
5th Ser., 20, 405-55 
1, 82, and 83. 
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Fic. 85.—System CaO-MgO-Al,0; (G. A. Rankin and 


H. E. Merwin, Z. anorg. allgem. Chem., 96, 291-316 
(1916) (p. 309)). C = CaO, M = MgO, A = AI,O;. 
See also Rankin and Merwin, Jour. Amer. Chem. Soc., 
38, 568 (1916); Hewitt Wilson, Ceramics—Clay Tech- 
nology, p. 240. 
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1535 4 
1395 5 
1400 6 
1590 
1700 
1455 
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Per cent FeO 


1200 
Degrees 
iL 


04 0.6 0.8 1.0 Fic. 87.—-FeO and temperature for four compositions in 
Fic. 86.—System MgO-FeO-Fe,0, in air at one atmos- solid solution field B (Fig. 86). System MgO-FeO- 
phere (adapted from H. S. Roberts and H. E. Merwin, Fe,O; (H. S. Roberts and H. E. Merwin, Amer. Jour. 
Amer. Jour. Sci., 5th Ser., 21, 145-57 (1931) (p. 150)). Set., 5th Ser., 21, 145-57 (1931) (p. 151)). 
In the upper diagram compositions are expressed in weight set set 
per cent. In the lower diagram abscissae represent the 
compositions that would be obtained after oxidizing all of 29° 171 
the iron to the ferric condition. The system has two solid ‘ 88“ 132 “ 
solution fields, A and B. Errata: The Roman numeral VI 041 “ 59 “ 
above liquidus on the left should be Roman numeral IV. . 
For 0.2, 0.4, 0.6, 0.8, and 1.0 on the sides of the triangular 
diagram read 20, 40, 60, 80, and 100, respectively. 
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PHASE-RULE DIAGRAMS 523 
ALO, 
Solid solutions: 
(~~~) 4000-AL0; 
+ +Ca0- 
CAF CAF 
C 
\ 
2Ca0-Fe,0, (a0 Fe,0, Fe, 
Fic. 91.—Final products of crystallization of melts in 
a portion of the system CaO—Al,O;-Fe,0; (W. C. Hansen, 
L. T. Brownmiller, and R. H. Bogue. Jour. Amer. Chem. 
Soc., 50, 396-406 (1928) (p. 401)). See also Fig. 90. 


\ \ \ 
\ 
Co0-Si0,“ a@Ca0Si0, | 
3Ca0 
3Ca0: 2 Sid, 
2Ca0 Si0, 


A ! !H 7 
cn AL, 
Fic. 92.—System CaO-Al,O;—SiO, (according to G. A. Rankin and F. E. Wright and 
modified by N. L. Bowen and J. W. Greig, Jour. Amer. Ceram. Soc., 7 [4], 238 (1924) 


and J. W. Greig, Amer. Jour. Sci., 5th Ser., 13, 35-41 (1927)). See also Glastechnische 
Tabellen, p.73. C =CaO. A = Al,O;. S = 


io. A CaO 3Ca0-Si0, 2C20-Fe,0, 
B 2Ca0-SiI0, 2Ca0-Fe,0, 3Ca0-Si0, 
2Ca0-SiO, 2C20-Fe,0, Ca0-Fe,0, 


To FeO, -> 

2Ca0-Fe.0, Ca0-Fe.0, 
Fic. 93.—Composition triangles in 
system CaO-SiO,-Fe,0; (W. C. Han- 
sen and R. H. Bogue, Jour. Amer. 


Chem. Soc., 48, 1261-67 (1926) (p. 
1262)). 
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(See Figure 92) 
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t Butectic. 

t Decomposes at 1545° into mullite and 
liquid. 

C = CaO. A = AlsOs. S = SiOs. 
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Pt Crystal Phases CaO AbkO; SiO: Temp. Pt Crystal Phases CeO AlO: SiO: Temp. 
A* SCS 37 63.0 1436 1t CaSsAsS--S 9.8 19.8 70.4 1345 
B* CS-CsS: 54 45.4 1455 2t CaS:-S-«eCS 23.3 14.7 62.2 1170 
B’ CeS:-CaS 55 44.5 1475 3 CeSe-aCeS-6CsS 53.0 4.2 42.8 1415 
c* C:S-C 67 32.5 2065 4 
D C-CsA 59 41.0 1535 C:AS 48.2 11.9 39.2 1335 
E* 50 50.0 1395 CAS:C:AS- 
F* CsArCA 47 53.0 1400 aCs 38.0 20.0 42.0 1265 
G* CA-CsAs 33 66.5 1590 6t CsAS-CsS: 
H* CsAs-A 24 76.0 1700 aCs 47.2 || 41.0 1310 
I  A-AsSe 55.0 45.0 1800 7t CAS-CG:AS-A 29.2 31.8 1380 
j* AsSe-S 5.5 94.5 1545 aCsS-8C:S- 
CaO 100.0 2570 C:AS 49.0 36.6 1415 
SiO: 100 1713 a CAS:A-AsS: 15.6 47.9 1512 
AhOs 100 2050 CsAs-C:AS-A 31.2 24.3 1475 
CaSiOs 48.2 51.8 1540 12t CsAS-CA-CsAs 37.5 9.3 1505 
a-2CaO’SiO: 65.0 35.0 2130 13 C:AS-8C3S- 
3CaO-2Si0: 58.2 41.8 1475 CA 48 9.7 1512 
14t 8CsS-CA-CsAs 49 6.8 1335 
* Binary eutectic. 15t BCxS-CsA-CsAs 82 6.8 1335 
17 C-CsS-CsA 59 7.5 1470 
18 C-aCsS-C3S 68 22.4 1900 
3CaO’SiO: 73 26.4 1900 
62 s 1535 
47 2 1455 
CaO-AhkOs 35 6 1600 
24 75.2 1720 
AlsOs SiO: 62.8 37.2 1545t | 
2Si0O: 20.1 38.6 1550 
2CaO-AlsOr-- | 


HALL AND INSLEY 


250, 


HB 
ALO, 
Fic. 94.—System MgO-Al,O,;-SiO, (G. A. Rankin and 
H. E. Merwin, Amer. Jour. Sci., 4th Ser., 45, 301-25 
(1918) (p. 322); modified according to J. W. Greig, 
tbid., 5th Ser., 13, 1-44 (1927)). See also Hewitt Wilson, 
Ceramics—Clay Technology, p. 238; Glastechnische 


Tabellen, p. 68. 
Crystalline Crystalline 
Pt phases MgO AkOs SiO: Temp Pt phases MgO AkO; SiO: Temp 
1* MS-S-MeAsS; 20.3 18.3 61.4 1345 A M-MA 45.0 55.0 2030 
2 S-AsSe-MeAsSs 10.0 23.5 66.5 1425 B MA-A 2.0 98.0 1925 
3 AsSeMA-MaAsSs 16.1 34.8 49.1 1460 C! A-AS 55.0 45.0 1810 ° 
4 MA-M2S-MeAdSs 25.7 22.8 51.5 1370 D' AS-S 5.5 94.5 1545 
5 MeS-MS-MsAeSs 25.0 21.0 54.0 1360 E S-MS 35.0 65.0 1543 
6* M:S-M-MA 56.0 16.0 28.0 1700 F MS-M:S 37.5 62.5 1557 
7 A-MA-AS: 15.2 42.0 42.8 1575 G M:S-M 63.0 37.0 1850 
MgO-AhOs 28.4 71.6 2135 H MA-BA 8.0 92.0 1925 
2MgO-SiO: 57.1 42.9 1890 Periclase 100.0 2800 
AlzOsSiO2z 62.8 37.2 Corundum 100.0 2050 
2Mg02-AlO;-- Cristobalite 100.0 1713 
5SiO: 13 7 34.9 51.4 ‘ ‘ 
BAlsOx-2Si02 71.8 28.2 1810t M = MgO. A = Al,O;. S = SiO. 
MgO-SiO: 40.0 60.0 1557T 
* Eutectic. 


t Incongruent melting point. 
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1975 


Zn0 Z nO0-Al,0, Al 2 0 3 
1950 2050 


Fic. 95.—ZnO-Al,0;-SiO, (E. N. Bunting, Bur. Stand., 
Jour. Research, 8, 279-87 (1932) (p. 281)). 
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Fic. 96.—Isobar for the system 
Fe,0;-Fe;0,-O, at 152 mm. oxygen 
pressure (J. C. Hostetter and H. S. 
Roberts, Jour. Amer. Ceram. Soc., 4, 
927-38 (1921) (p. 932)). 


152 


Oxygen Pressure i mm of Mercury - Logarithmic Scale 


= 
10 20 30 
Fe.0, Per cent Fe0 Fe.0, 

Fic. 97.—System Fe;O;-Fes0.--O, (R. 
B. Sosman and J. C. Hostetter, Jour. 
Wash. Acad. Sa., 5, 293-303 (1915); 
J. C. Hostetter and H. S. Roberts, Jour. 
Amer. Ceram. Soc., 4 [11], 927-38 (1921) 
(p. 931)). See also Hewitt Wilson, Ce- 
ramics—-Clay Technology, p. 162. 
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CaF, 136 3NaF AIF, 


Fic. 98.—System CaF,-Al,O;-3NaF-AIF; (P. Pascal, 
Zz. _— 19, 610-13 (1913) (adapted from diagram on 
p. 613)). 


Fic. 99.—System anorthite (Ca0O-Al,0;- 
2SiO,)-forsterite (2MgO-SiO,)-silica (SiO,) 
(O. Andersen, Amer. Jour. Sci., 4th Ser., 
39, 407-54 (1915) (p. 437)). See also J. W. 
Greig, ibid., 5th Ser., 13, 1-44 and 133-54 
(1927); Glastechnische Tabellen, p. 84. 
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PHASE-RULE DIAGRAMS 


Ca0-Mg0 250, 
Diopside 


Anorthte 
Ca0-A1,0;2S:0, 


diopside (CaO-MgO-- 

(Cat ALOeaSiO;) N. L. Bowen, Amer. Jour. 

Sci., 4th Ser., 40, 161-85 (1915)). Eutectics: 
bi {a albite, 3% diopside 1085°C 

mary ) 42%, anorthite, 58% diopside 1270°C 

See also Hewitt Wilson, Ceramics—Clay Tech- 

nology, pp. 225-27; Glastechnische Tabellen, p. 


Si, 
JN Gehlente 


Sarcolite 
90[3Ca0-ALO; 3Si0,} 
3Si0. 


Fic. 101.—Isotherms for temperatures of 
complete melting in system gehlenite-aker- 
manite-sarcolite (A. F. Buddington, Amer. 
Jour. Sci., 5th Ser., 3, 35-87 (1922) (p. 57)). 
See also Glastechnische Tabellen, p. 85. 
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1600 (700 
00 1600 
00 ‘S00 
| | 
: 
x 
= + = 
1000 
Liquidus 
800 + + 
700 
0 20 40 
PercentCod Fic. 106.—Section K,0-CaO-SiO; 
Fic. 105.—Section K,0-4SiO, to to K,0-2SiO, through ternary sys- 
CaO-SiO, through ternary system tem K,0-CaO-SiO; (G. W. Morey, 
K,0-CaO-SiO, (G. W. Morey, F. C. Kracek, and N. L. Bowen, 
F. C. Kracek, and N. L. Bowen, tJour. Soc. Glass Tech., 14, 149-87 
Jour. Soc. Glass Tech., 14, 149-87 (1930) (p. 161)). 
(1930) (p. 163)). 
500} 
400 F 
1300 + 


0 0 20 30 «0 

Wegrt per cent Ca0 SO, 
Fic. 107.—System Na,O0-SiO,-CaO-SiO, (according 

to G. W. Morey and N. L. Bowen, Jour. Soc. Glass 

Tech., 9, 249-64 (1925) (p. 226)). 
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= 
1200 
| | 
100 3 


Weight. per cent. Cad 
Na:2Si0, 
Fic. 108.—System Na;,0-2Si0,- Acmite and Liquid 

Na,0-2Ca0O-3SiO, (according to G. wa Liquid 
W. Morey and N. L. Bowen, 


4 


Na,0-Fe,0,-4Si0, 


Fic. 109 (upper).—The sec- 
tion Na,0-SiO,—Fe,O; of the sys- 
tem Na,SiO;-Fe,0;-SiO; (N. L. 
Bowen, J. F. Schairer, and H. 
W. V. Willems, Amer. Jour. 
Sci., 5th Ser., 20, 405-55 (1930) 
(p. 424)). 


Fic. 110 (lower).—The section 
Naj,O - - - 4SiO; 
(acmite) of the system Na,SiO;- 
Fe,0;-SiO, (N. L. Bowen, J. F. 
Schairer, and H. W. V. Willems, 


Fe 850 Gbid., 20, 405-55 (1930) (p. 430)). 
Q Lquid, 


4 


4 


L i i i i 


“Si We r 
5Na F2,0,85i0, 

Fic. 111.—The section Na,O-SiO,-Na,0-Fe,0;-- 
4SiO, of the system Na,SiO;-Fe,0;-SiO, (N. L. 
Bowen, J. F. Schairer, and H. W. V. Willems, 
ony. Jour. Sct., 5th Ser., 20, 405-55 (1930) (p. 
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1300 
1300 
1200 / 
Hematite ond Liquid 
M 
1000 
1100 GNo,0 4Fe,0, SS, 
900 and Liquid (ternary) 
800 
Na,0-Si0, Fe, 
Hematite } 
1000 hy 
Jour. Phys. Chem., 28, 1167-79 800 
(1924) (adapted from diagram on 
p. 1174)). See also Glastechnische 
Tabellen, p. 44. 
No,0-2Si0, Weight per cent. 
100 
M 
Hematite | 
Liquidus 
: 7” 
Cc 
800 
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Hematite and Acmite 


80 


20 4 = 100 

Acmite Weight. per cent Fe,0, 

Fic. 112.—The section Na,O-Fe,0;4SiO, (ac- 

mite)—Fe,O; (hematite) (N. L. Bowen and J. F. 

Schairer, Amer. Jour. Sci., 5th Ser., 18, 365-78 
(1929) (p. 368)). 


40 


600 
Acmite 


0 0 20 
Na-4Si0, Weight. per cerit Fe,0, 


Fic. 113.—The section Na,0-4Si0,-Na,;0-Fe,0;-4Si0, 
(acmite) of the system Na,O-SiO,-Fe,0; (N. L. Bowen 


and J. F. Schairer, Amer. Jour. Sci., 5th Ser., 18, 365- 
74 (1929) (p. 368)). 
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~5Na,0-Fe,0, 850, 


and 


| 
0 20 40 60 100 
5Na-0-Fe,0,-8Si0, Weight. per cent. Fe,0, 


Fic. 114.—The section 5Na,O-Fe,0;8Si0.—-Fe,0; 
of the system Na,SiO,;-Fe,0;-SiO, (N. L. Bowen, 
J. F. Schairer, and H. W. V. Willems, Amer. Jour. 
Sci., 5th Ser., 20, 405-55 (1930) (p. 428)). 


T T 


20 


40 60 80 100 
Weight. per cent 5Na,0-Fe,0,-8Si0, 

Fic. 115.—The section Na,O-2Si0O,-5Na,0-Fe,0;3-- 
8SiO, of the system Na,SiO;-Fe:0;-SiO, (N. L. 
Bowen, J. F. Schairer, and H. W. V. Willems, Amer. 
Jour. Sci., 5th Ser., 20, 405-55 (1930) (p. 428)). 


Na,0-2Si0, 


Liquid A 


\ 


Crstobaite* Liquid 
Cristobalite+Liquid A” 7 


Trdymite + Liquid 


S~Diopside + Liquid 


ke 
60 & 100 


0 20 
CaMq Si,0, Si0, 
Fic. 116.—System diopside (CaO-MgO-2SiO,)-silica 
(N. L. Bowen, Amer. Jour. Sci., 4th Ser., 38, 207-64 
(1914) (p. 211)). See also Glastechnische Tabellen, 
p. 63. 
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1600 


Liquid 
1500} a> 

Ca0-Si0,+ Liquid 


(300 4) 
/200¥ 


pCa0-Si0, 
3 


/000 i i Jj 
Ca0-Si0, To Ca0-Mg0-2Si0;-> 
Fic. 117.—-Phase relations 
along that portion of the 
CaO-SiO, — CaO-MgO-2Si0, 
line which includes the wol- 
lastonite—diopside solid solu- 
tions (J. B. Ferguson and 
H. E. Merwin, Amer. Jour. 
Sci., 4th Ser., 48, 165-89 


(1919) (p. 184)). See also 
Glastechnische Tabellen, p. 
63. 
890°C 
1800} 
Liquid 
1600 : Forstente + Liquid 
2 
Dropside + Liquid 
40 & 100 
CaMgS1,0, SiO, 
Fic. 118.—The system diopside-forsterite (N. L. 


Bowen, Amer. Jour. Scit., 4th Ser., 38, 207-64 (1914) (p. 


212)). 


See also Glastechnische Tabellen, p. 64. 
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SiO, (SS)+ 


400 
| 
SiO, (SS)+ Akermane 
7 Ca0-Si0, (SS)+a Ca SiO, (SS) 
0 Ca0-Si0,, (SS) | 
| : | 
Ca0-Si0, 2Ca0: MgO: 2510, 
Avermanvle 


Fic. 119.—System CaO-SiO,-2CaO-MgO-2Si0, (J. B. Fer- 
and H. E. Merwin, Amer. Jour. Sci., 48, 81-123 (1919) 
p. 120)). SS = solid solution. See also Glastechnische 


Tabellen, p. 64. 
2100 
2c a0-Mg0-2S:0, 
1500} + 2Ca0-MgO-2Si0, 
1300} 2Ca0-MgO- 2 Side 4 
A i i i i i i i = 
0 60 80 100 
2Ca0-Si0, 2Ca0-Mg0-2S:0, 


Fic. 120.—System 2Ca0O-SiO,.-2CaO-MgO-2Si0, (J. B. 
Ferguson and H. E. Merwin, Amer. Jour. Sci., 4th Ser., 
48, 81-123 (1919) (p. 119)). See also Glastechnische 
Tabellen, p. 64. 


Liquid 
1350 
soo} (a0 2Si0, + 
Ca0-Mg0-2Si0, 2Ca0 MgO 250, 


Fic. 121.—System CaO-MgO-2Si0,-2CaO-MgO-2Si0, (J. B. 
Ferguson and H. E. Merwin, Amer. Jour. Sct., 4th Ser., 48, 
81-123 (1919) (p. 118)). See also Glastechnische Tabellen, 
p. 64. 


00 Lqud 
| Akermanie + Liquid 
| = t : 
t 
| | 


PHASE-RULE DIAGRAMS 


Cristobalite 


Mg, Si0, Mg Si0, 60 $0, 


3 


Fic. 122.—System diopside-forsterite-silica (N. L. Bowen, Amer. Jour. Sci., 
4th Ser., 38, 207-64 (1914) (p. 217)). See also Glastechnische Tabellen, p. 63; 
Hewitt Wilson, Ceramics—Clay Technology, p. 243. 
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1800 
2100 
1700}- Liquid 2000 
© 1600 oe Liquid+3Ca0 -5Ai,0, 1900 | 
Liquid +2Ca0-Al,0; SiO, | 
2Ca0-Al,0; Si0,+3Ca0-5A\,0, & i100 
1600 
1300 
2Ca0-Al,0; Si, 3Ca0 Liquid 
Fic. 131.—System 2Ca0O-Al,0;-Si0,-3 2Ca0-Sid, + 
Ca0-5AL0, (G. A. Rankin and F. E. Serr 
Wright, Amer. Jour. Sci., 4th Ser., 39, Ca SiO, 2Ca0 Al,0;Si0 


1-79 (i9is) (p. on See also Glastech- 


nische Tabellen, Fic. 132.—System 2Ca0-SiO,-2Ca0-- 
Al,O;SiO,; (G. A. Rankin and F. 
E. Wright, Amer. Jour. Sci., 4th Ser., 

39, 1-79 (1915) (p. 47)). See also Glas- 


technische Tabellen, p. 76. 


2510, 


Fic. 133.—System CaO-SiO,-CaO-AlO;- 
2SiO, (G. A. Rankin and F. E. Wright, . 
Amer. Jour. Sci., 4th Ser., 39, 1-79 (1915) 
46)). See also Glastechnische Tabellen, 

p. 75. 


Liquid 


1400F- 


+2Ca0-Al,0,°SiO, 


Liquid 
+Ca0-Al,0,-2Si0, 


4 


2Ca0-Al,0, 


‘SiO, + Ca0-Al,0, 2Si0, 


300 
2Ca0-Al,0,'SiO, 


Fic. 134.—System 2CaO-Al,0;-SiO,— 


F. E. Wright, Amer. Jour. Sci., 4th g 
Ser., 39, 1-79 (1915) (p. 49)). 
also Glastechnische Tabellen, p 


CaO -Al,0,:2Si0, 


(G. A. Rankin and 


Por Cent Ti0,+Fe20, (in Mullite) 
Wash. Acad. Sci., 14, 183-91 


Jour. 


See 
6. 


Fic. 135.—Effect of TiO, and Fe,O; on refractive 
indices of mullite (N. L. Bowen, J. W. Greig, and 


E. G. Zies, 
(1924) (p. 188)). 


540 
1600 
. 1600 
Liquid 
1600 
Liquid 
1500 
| 
| 
| 
40 


PHASE-RULE DIAGRAMS 541 


-50 T 
‘ 
60 
-70 
-80 
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Ab __ Molecular Per Cent of Anorthite An 
Na,0-AL0;6Si0, Ca0‘A,0;2Si0, 
F Fic. 136.—Optical properties of the plagioclase feldspars (Na,0-Al,0;-- 


6Si0O,-CaO-Al,O;-2SiO,) (modified from F. E. Wright, Amer. Jour. Sci., 
4th Ser., 36, 540-42 (1913)). 
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Na,0-Fe0;4Si0, 

Fic. 137.—Relations between optical proper- 
ties and composition in the series of mono- 
clinic pyroxenes, jadeite—-diopside—acmite—he- 
denbergite (A. N. Winchell, Amer. Jour. Sci., 
5th Ser., 6, 504-20 (1923) (p. 519)). 


7TAC#=345 
| 
J *\e 
TAC=+40- 
V 
Acmuite 2v=-(32 


SiO, 
Gehlenite / 


2% 

x =. 

og 

5 

gzk 

ES 0 
5a Akermanite Sarcolite 
2Ca0-Mg0-2Si0, 90[3Ca0-AL0; 3Si0,] 
|0[3Na,0:A ,0.3Si0, 
EQS Fic. 139.—Lines connecting similar indices of re- 

Zn fraction in the system gehlenite-akermanite—sarcolite 


plotted for those mixtures which show complete homo- 
geneity within a definite temperature range above 
980°C (A. F. Buddington, Amer. Jour. Sci., 5th Ser., 
3, 35-87 (1922) (p. 58)). 
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0 20 40 60 80 100 
BaO-2Si0, Weight Per Cent 2Ba0-3Si0, 
Fic. 140.—Variations in the indices of refraction of solid solutions of 
(3a). and 2BaO-3Si0O, (P. Eskola, Amer. Jour. Sci., 4, 331-75 (1922) 
p. 349)). 
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Enstatite 
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40 
Mol per cent 


Fic. 141.—Variations in indices of refraction of solid 
solutions of CaO-SiO, and SrO-SiO, (P. Eskola, Amer. 


4 4 


4 


Jour. Sci., 5th Ser., 4, 331-75 (1922) (p. 355)). Ca,Sid, ” 


4. 
40 
CafeSi0, 
Weight per cent 


@ wv Fe 2 Sid, 


Fic. 143.—Relations between physi- 
cal properties and compositions in the 
rhombic pyroxenes, enstatite—FeSiO, 
(A. N. Winchell, Amer. Jour. Sci., 5th 


Ser., 6, 504-20 (1923) (p. 507)). 


in the system 


142.—Refractive indices of 


crystalline phases 


Fic. 
Schairer, and E. Posnjak, Amer. Jour. 


Sci., 5th Ser., 25, 273-97 (1933) (p. 


Ca,SiO.-Fe,SiO, (N. L. Bowen, J. F. 
286)). 
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Fic. 144.—Relations between optical Ca0-Fe0-2Si0, 


properties and composition in the series 
of monoclinic pyroxenes, clinoenstatite— 
diopside (A. N. Winchell, Amer. Jour. 
Sct., 5th Ser., 6, 504-20 (1923) (p. 513)). 
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2Ca0-Fe,0, 
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Fic. 145.—Relations between the 
physical properties and the com- 
position in the series of monoclinic 


pyroxenes, diopside—hedenbergite (A. 
N. Winchell, Amer. Jour. Sci., 5th 
Ser., 6, 504-20 (1923) (p. 510)). 


Chem. Soc., 50, 396-406 (1928) 


Fic. 146.—Indices of refraction of the solid solu- 


Glass 


tions of 4CaO-Al,O;-Fe,0; and 2CaO-Fe,O; (according 
to W. C. Hansen, L. T. Brownmiller, and R. H. 


Bogue, Jour. Amer. 
(p. 400)). 
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(1920) (p. 136)). 
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2Ca0-AL,0, SiO, 
Gehlente / 


Akermanite Grossulante 
2Ca0-MgO-2Si0, 3Ca0-A1,0; 3Si0, 

Fic. 148.—Lines connecting equal indices of 
refraction for the system gehlenite-akermanite— 
grossularite plotted for those mixtures which 
show complete homogeneity within a definite 


comparative range above 980°C (A. F. Budding-~ 


ton, Amer. Jour. Sci., 5th Ser., 3, 35-87 (1922) 
(p. 49)). 


THA 


 Aimandite 


be) % 


Fic. 149.—Variation of refractive index and 
specific gravity in the system, pyrope—alman- 
dite-andradite (W. E. Ford, Amer. Jour. Sci., 
4th Ser., 40, 33-49 (1915) (p. 44)). The dots 
represent the position on the chart of the dif- 
ferent analyses containing two or three con- 
stituents. The broken line indicates the prob- 
able limits of the possible mixtures of the series 
found in natural garnets. 
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Grossularite , 
n=1.735 
6=3.530 


9 
 Almandite 
n= 1.830 
G=4.250 


Fic. 150.—System pyrope—almandite-grossularite (W. E. Ford, op. cit., 
p. 42). See note Fig. 149. 
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YASS AAG 


A_ ? Sh 
Grossularite ‘2% Andradite 
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G=3.750 
Fic. 151.—System andradite—grossularite-almandite (W. E. Ford, op. cit 


p. 41). See note Fig. 149. 
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Grossularite 


3.60 


nN 


4 / / 
Spessartite  ‘--420 Almandite 
1.800 n= |.830 
=4.180 6=4.250 


Fic. 152.—System almandite—spessartite-grossularite (W. E. Ford, op. cit., 
p. 43). See note Fig. 149. 
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Spessartite 
/|\ 


SAN 
ANG \ 230 
\ 
Grossularite Andradite 
n= 1.735 


6=3.530 
Fic. 153.—System andradite—grossularite-spessartite (W. E. Ford, op. cit., 
p. 42). See note Fig. 149. 
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Spessartite Almandite 
n= 1.800 1.830 
G=4.180 =4.250 


Fic. 154.—System almandite—pyrope-spessartite (W. E. Ford, op. cit., 
p. 44). See note Fig. 149. 
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‘ \e 
Grossularite Andradite 
n=|.895 
6=3.750 


n= 1.735 

G=3.530 

Fic. 155.—System andradite-pyrope-grossularite (W. E. Ford, op. cit., 
p. 41). See note Fig. 149. 
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Andradite 
7=1.895 
6=3.750 


Spessartite Almandite 
7=1.800 n= 1.830 
G=4.180 6=4.250 


Fic. 156.—System almandite—andradite-spessartite (W. E. Ford, op. cit., 
p. 43). See note Fig. 149. 
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Fic. 157.—Portion of sys- 
tem CaO — 
Curve a determined by 


quenching method (G. A. 
Rankin and F. E. Wright, 


39, 1-79 (1915); (modified 
from cut on p. 40)). Curve 
6 determined by cone-def- 
ormation method (R. Rieke, 
Sprechsaal, No. 37, pp. 1295- 
97; No. 38, pp. 1313-15 
(1906)). 
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Fic. 159.—Cone-deforma- 
tion concentration diagram 
of the system Al,O;-2Si0,- 
FeO (R. Rieke, Sprechsaal, 
No. 16, pp. 229-32 (1910)). 
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Fic. 158.—Portion of sys- 
tem MgO — Al,O;-2Si0,. 
Curve a determined by 
quenching method (G. A. 
Rankin and H. E. Merwin, 
Amer. Jour. Sci., 4th Ser., 45, 
301-25 (1918) (p. 322)). 
Curve 5} is con ormation 


1295-97 ; 
1313-15 (1906)). 
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Fic. 160.—Cone-deforma- 

tion concentration diagram 
of the system Al,O;-2Si0,- 
K,0-Al,0;-6Si0, (adapted 
from Hewitt Wilson, Trans. 
Amer. Ceram. Soc., 15, 217- 
32 (1913) (p. 229)). 
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Fic. 161.—Cone-deforma- 
tion diagram of mixtures of 
microcline feldspar and 
steatite (drawn from data 
by W. L. Howat, Trans. 
Amer. Ceram. Soc., 18, 488- 
91 (1916) (p. 489)). 
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Fic. 165.—Cone-deforma- 
tion diagram of mixtures of 
albite feldspar and CaO 
(F. A. Kirkpatrick, Trans. 
Amer. Ceram. Soc., 18, 575- 
618 (1916) (p. 611)). 
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Fic. 162.—Cone-deforma- 

tion diagram of mixtures of 

microcline and albite (drawn 

from data by A. S. Watts, 


Trans. Amer. Ceram. Soc., 
15, 144-66 (1913) (p. 153)). 
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Fic. 164.—Cone-deforma- 
tion diagram’ of mixtures of 
orthoclase feldspar and MgO 
(F. A. Kirkpatrick, Trans. 
Amer. Ceram. Soc., 18, 575- 
618 (1916) (p. 607)). 
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Fic. 166.—Cone-deforma- 
tion diagam of mixtures of 
albite feldspar and MgO 
(F. A. Kirkpatrick, Trans. 
Amer. Ceram. Soc., 18, 575- 
618 (1916) (p. 613)). 
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Fic. 163.—Cone-deforma- 
tion diagram of mixtures of 
orthoclase feldspar and CaO 
(F. A. Kirkpatrick, Trans 
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0 
Aint. 

Fic. 167.—Cone-deformation di of mixtures of feldspar, flint, and 
kaolin (Simonis, Sprechsaal, No. 40 (1907)). The figures represent the old 
German pyrometric cones. (Diagram given by Hewitt Wilson, Ceramics— 
Clay Technology, p. 252.) 
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Fic. 168.—Melting curves of MgO with NiO, CoO, Al,O;, Cr20;, Fe;O,, 
Mn;0,, SiO:, TiO:., and ZrO, (H. v. Wartenberg and E. Prophet, Z. anorg. 
aligem. Chem., 208, 369-79 (1932) (p. 379)). 
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Fic. 169.—Melting curves of MgO with Cu,O0, CaO, BaO, 
SrO, BeO, and CeO, (H. v. Wartenberg and E. Prophet, 
Part V, Z. anorg. allgem. Chem., 208, 369-79 (1932) (p. 378)). 
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Fic. 170.—Melting curves of Al,O; with CaO, BaO, SrO, MgO, NiO, CoO, 
TiO,, and SiO, (H. v. Wartenberg and H. J. Reusch, Z. anorg. allgem. Chem., 
207, 1-20 (1932) (p. 18)). 
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Fic. 171.—Melting curves of Al,O; with BeO, CuO, ZrO., CeOs, 
LazO3, MnsQ,, FesO,, GasOs, and Cr,O; (H. v. Wartenberg and H. J. Reusch, 
Z. anorg. allgem. Chem., 207, 1-20 (1932) (p. 19)). 
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Fic. 174.—Melting curves of ZrO, with ZnO, NiO, CoO, AlkOs, 
CryO3, FesOs, and (CeO;, Ce,0,) (H. v. Wartenberg and W. 
Gurr, Z. anorg. allgem. Chem., 196, 374-83 (1931) (p. 381)). 
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Ca0x—40 | % Cz 
O 2685 
Fic. 175.—Melting curve of the system (O. Ruff, 
F. Ebert, and W. Loerpabel, Z. anorg. allgem. Chem., 207, 308-12 (1932) (p. 


310)). A = monoclinic ZrO., B = cubic mix-crystal, C = cubic mix-crystal + 
CaZrO;, (diagram in molecular per cent). 
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Fic. 176. = curve diagram of the system (oO. 
Ruff, F. Ebert, and W. Loerpabel, Z. anorg. allgem. Chem., 207, 308-12 
(1932) (p. 310)). A = monoclinic ZrO,, B = cubic mix-crystal (diagram i in 
molecular per cent). 
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Fic. 177.—Melting curve diagram of the system ZrO,-ThO,-CaO (O. Ruff, 
F. Ebert, and W. Loerpabel, Z. anorg. allgem. Chem., 207, 308-12 (1932) (p. 
. A = monoclinic ZrO,, B = cubic mix-crystal, C = cubic mix-crystal 

= two cubic mix-crystals (miscibility gap) (diagram in molecular 
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Fic. 178.—Melting curve diagram of the system ZrO,-ThO,-MgO (0. 
Ruff, F. Ebert, and W. Loerpabel, Z. anorg. aligem. Chem., 207, 308-12 (1932) 
(p. 309)). A = monoclinic ZrO,, B = cubic mix-crystal, C = two cubic mix- 
crystals (diagram in molecular per cent). 
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